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S T A T E M E N T

This Statement, prepared by the Health Effects Institute, summarizes two research projects funded by HEI and conducted by Dr Alan W Gertler of
the Desert Research Institute, Reno NV and Dr Daniel Grosjean of DGA, Inc. The following Research Report contains the detailed Investigators’
Reports and a Commentary on the studies prepared by the Institute’s Health Review Committee.

INTRODUCTION

Emissions from motor vehicles have substantially
changed over the last decade because of new fuels,
changed engine designs, and improved emission-con-
trol technology. Studies of the health effects associ-
a ted wi th exposure to  motor  vehicle  exhaust
increasingly are complicated by the changing nature
of emissions over time. Both studies described in this
report measured emissions from diesel and gasoline
engines in highway tunnels. One study analyzed par-
ticulate matter and gaseous emissions and compared
these data with previous measurements; the other
focused on aldehyde emissions.  

Ambient particulate matter comes from many
sources and varies in size, chemical composition, and
other physical and chemical properties depending on
the source of the particles and the changes they
undergo in the atmosphere. Emissions from engines
powered by diesel, gasoline, and jet fuels are major
sources of ambient particles. Diesel exhaust particulate
matter has been declared a probable human carcinogen
by the US Environmental Protection Agency, the Inter-
national Agency for Research on Cancer, the World
Health Organization, and the US National Institute of
Occupational Safety and Health. The state of California
designated it as a toxic air contaminant. Most health
effects research on diesel emissions has focused on
their possible contribution to lung cancer. Recently,
concerns have also been raised about the potential
effect of diesel particulate matter on enhancing human
allergic responses and exacerbating asthma. Gaseous
pollutants also pose threats to human health, either
directly, as with carbon monoxide, or indirectly by the
contribution of nitrogen oxides to smog formation.

In the first study described in this report, Dr Alan
Gertler and colleagues of the Desert Research Institute
in Reno, Nevada, proposed to measure the contribu-
tion of diesel and gasoline engine emissions to the
ambient mixture of particulate matter and gaseous
pollutants. They also planned to identify the number
of particles and particle size distribution and to com-
pare their results with those of earlier studies to assess
how diesel emissions have changed with improved
diesel engine design. 

Other components of the exhaust mixture, such as
aldehydes, also have been targeted as air toxics
because they are highly reactive and, when inhaled,
can participate in oxidation and reduction reactions.
Many aldehydes are irritants and some, such as form-
aldehyde, are classified as probable human carcino-
gens. In the second study described in this report, Dr
Daniel Grosjean of DGA, Inc, proposed to identify the
concentrations of a large number of carbonyls (alde-
hydes and ketones) in air samples from urban areas.
After the study began, Grosjean proposed to measure
carbonyls in the ambient air of two tunnels in addition
to urban Los Angeles air. Because both studies present
data on pollutants in tunnel air, the HEI Review Com-
mittee decided to publish the two reports together.

APPROACH

Dr Gertler studied particulate matter emissions in
the Tuscarora Mountain Tunnel located on the Penn-
sylvania Turnpike. Dr Grosjean studied carbonyl
emissions in the Tuscarora Mountain Tunnel and in
the Caldecott Tunnel in California. The advantages of
tunnel studies include measuring emission rates aver-
aged over many vehicles (in contrast to emission rates
from dynamometer measurements, which are derived
from fewer vehicles), determining the physical and
chemical character of emissions under ambient condi-
tions, and in some instances, being able  to compare
current emissions with past emissions at the same
location. Both groups of investigators also measured
emissions at times when the proportions of gasoline
engine vehicles and diesel engine vehicles differed,
allowing them to estimate the differences between
emissions from the two sources. 

RESULTS AND INTERPRETATION

Dr Gertler and colleagues found, as expected, that
diesel engines emitted particles at a greater rate per
mile than did gasoline engines and that ultrafine par-
ticles (less than 0.1 µm in aerodynamic diameter)
dominated the number of particles from both sources.
The authors suggest that because gasoline-powered
vehicles predominate in the on-road vehicle fleet,
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their contribution to particle levels in ambient air may
exceed that of diesel-powered vehicles. This remains
a question for study because the method used to esti-
mate the light-duty vehicles’ particulate emissions
from the tunnel measurements did not allow a precise
determination of their magnitude. 

The investigators also reported substantial decreases
in diesel emissions of particles, hydrocarbons, carbon
monoxide, and carbon dioxide (the latter an indication
of improved fuel economy) between their current study
and earlier studies. Levels of nitrogen oxides, which are
precursors of ground-level ozone, remained essentially
unchanged. The authors suggest that newer diesel
engines are being operated in a manner to improve fuel
economy at the cost of emitting nitrogen oxides.

Dr Grosjean identified about 100 carbonyls in the
Tuscarora Mountain and Caldecott Tunnels. Total car-
bonyl emission factors from diesel-powered trucks
were found to be about 4 times those from gasoline-
powered cars when both were calculated on a dis-
tance-traveled basis. On a fuel-consumed basis, total
carbonyl emission factors for diesel trucks were
slightly less than for cars. Formaldehyde, acetalde-
hyde and acetone were the three major carbonyls
present. There were distinct differences between
emissions of diesel trucks and cars for some carbo-
nyls, such as aromatic carbonyls. Future studies
should compare the carbonyl levels reported here
with ambient measurements in cities throughout the
United States. 
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PREFACE

INTRODUCTION

Emissions from motor vehicles have changed substan-
tially over the last two decades because of new fuels,
engine designs, and improved emission control tech-
nology. Studies of the health effects of motor vehicle
exhaust are increasingly complicated by the changes in
emissions over time. Detailed information on current
levels and composition of gasoline and diesel engine
exhaust is needed to provide an adequate basis for risk
assessment of exposure to engine exhaust. Two difficulties
encountered in determining the health effects of motor
vehicle exhaust are: (1) establishing the health effects of
individual components of the exhaust mixture; and (2)
tracing toxic air pollutants to their sources (ie, gasoline
engines, diesel engines, or other, nonemission-related
sources). The source of toxic components must be known
before effective control strategies can be established. Both
of the studies described in this report use highway tunnels
to measure emissions. The advantages of tunnel studies
include: (1) on-road vehicle emission rates represent aver-
ages from many in-use vehicles (in contrast to dynamom-
eter-derived emission rates obtained from fewer vehicles);
and (2) physical and chemical characterization of emis-
sions is done under actual driving conditions. In addition,
measuring emission rates at times when the proportion of
heavy-duty and light-duty vehicles are substantially dif-
ferent allows an estimate of the differences between diesel
and gasoline engine emissions.

HEI has several research programs that characterize
exposure to motor vehicle exhaust. In 1998, HEI initiated
a Diesel Epidemiology Project to address the need for
detailed information on the health effects of exposure to
diesel exhaust for use in quantitative risk assessment.
HEI assembled an Expert Panel to review major epidemi-
ologic studies of diesel exhaust exposure and lung cancer
(HEI 1999a); conducted a Diesel Workshop: Building a
Research Strategy to Improve Risk Assessment (HEI
1999b); and issued RFA 98-3, Epidemiologic Investiga-
tions of Human Populations Exposed to Diesel Engine
Emissions: Feasibility Studies. The feasibility studies
were intended to determine whether access to new
cohorts of exposed individuals was likely to be fruitful
and whether exposure assessment methods could be
improved over those currently available. 

Six one-year studies were funded under this RFA,
including one by Dr William R Pierson, of the Desert

Research Institute, entitled Sampling of Ambient Diesel Par-
ticulate Matter in a Roadway Tunnel. (Dr Pierson passed
away during the study. Dr Alan W Gertler, who was actively
involved in the study from its start, became the Principal
Investigator.) The study by Pierson, Gertler and colleagues
was not a feasibility study of human populations. However,
the results of their study, aimed at gathering information on
the contribution of diesel emissions to the ambient particu-
late matter, will aid future epidemiologic studies on the
dose-response relation between long-term exposure to
diesel emissions and cancer, by providing retrospective data
on exposure to diesel exhaust from older versus newer
engines. The other five studies funded under this RFA will
be published separately. 

HEI has supported research programs that focused on
other components of the exhaust mixture. Aldehydes have
been identified as one of the components of gasoline and
diesel engine exhaust that may be responsible for adverse
human health effects. Aldehydes are formed in the atmo-
sphere by chemical transformation of gasoline and diesel
engine emissions. They are targeted as air toxics by the
Clean Air Act Amendments of 1990 (US Congress 1990)
because they are highly reactive and, when inhaled, can
participate in oxidation and reduction reactions. To address
the need for better information on human exposure to alde-
hydes, HEI issued RFA 97-2, Assessing Personal Exposure
to Selected Aldehydes Using Chemical and Biological Tech-
niques. After several studies were funded under RFA 97-2,
Dr Daniel Grosjean of DGA, Inc, submitted a preliminary
application in which he proposed to identify the concentra-
tions of a large number of aldehydes in air samples from
urban areas. The HEI Research Committee thought the pro-
posed study could provide information complementary to
the results of studies of air toxics already under way.
Grosjean submitted a full application entitled Exposure to
Air Pollutants from Motor Vehicle Emissions: Speciated
Carbonyls, Hydrocarbons, and Other Volatile Organic Com-
pounds. After the study began, Grosjean proposed to mea-
sure aldehydes and ketones in the ambient air of two
tunnels, in addition to urban Los Angeles air.

Grosjean participated in the study by Dr Gertler at the
Tuscarora Tunnel and in a study at the Caldecott Tunnel by
Dr Harley and Mr Kean of University of California, Berkeley.
Because both the Grosjean and Gertler studies present data
on pollutants in tunnel air, the HEI Review Committee
decided to publish the two reports together. 
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Preface to Emissions from Diesel and Gasoline Engines Measured in Highway Tunnels

SCIENTIFIC BACKGROUND

Adverse health effects may be associated with exposure
to motor vehicle exhaust. It is important to distinguish
between the emissions from gasoline and diesel engines
when determining their contribution to these potential
adverse health effects. Diesel engines are an important part
of the world’s transportation and industrial infrastructure,
especially in heavy-duty equipment such as trucks, buses,
construction and farm equipment, locomotives, and ships.
Diesel engines emit less carbon dioxide, a greenhouse gas,
per unit of work done and are more efficient than gasoline
engines. Despite these advantages, conventional diesel
engines contribute to air pollution in occupational and
ambient settings. Compared to gasoline engines, they emit
more particulate matter (as diesel soot) per unit of fuel
burned and more oxides of nitrogen, which contribute to
the formation of ground-level ozone. Soot consists of
carbon particles with adsorbed inorganic salts, metals, and
over 450 organic compounds, many of which are mutagens
and may cause cancer in some laboratory rodents. The par-
ticulate emissions are of special concern because the parti-
cles are readily inhaled (90% by mass are less than 1 µm,
or about one tenth the diameter of an average human cell). 

Much discussion has focused on the possible carcino-
genicity of diesel exhaust. Laboratory rats exposed to
high levels of diesel exhaust or carbon black (which lacks
the adsorbed organic compounds found in diesel soot
particles) for long periods developed lung tumors (Maud-
erly et al 1994; Mauderly 2000). However, tumor develop-
ment appeared to be caused by particle overload due to
the high exposure levels. These results are therefore not
considered relevant to human lung cancer because
people generally are exposed to much lower particle con-
centrations. Based on a number of epidemiology studies,
including those on railroad workers and truck drivers
(Cohen and Higgins 1995), the 1995 HEI Diesel Report
concluded that a weak association between lung cancer
and diesel exhaust exposure in occupationally exposed
individuals does exist because workers exposed to diesel
exhaust tended to show a 20% to 40% increase in lung
cancer incidence (HEI 1995). The consensus, based on
the review of the relevant science by several organiza-
tions (Department of Health and Human Services 1988;
International Agency for Research on Cancer 1989; World
Health Organization 1996; California Environmental Pro-
tection Agency 1998; Environmental Protection Agency
2000), is that long-term exposure to high levels of diesel
exhaust is carcinogenic in rats and that the epidemiologic
data indicate that diesel exhaust is a likely or probable
human carcinogen. 

There is less information on potential carcinogenicity of
gasoline exhaust for humans, but studies of gasoline
vapors have been conducted (Raabe 1943; HEI 1998).
Exposure of laboratory rodents to high levels of vaporized
unleaded gasoline produced kidney tumors in male rats
and liver tumors in female mice; however, mechanistic
studies suggest that gasoline is not mutagenic. Studies of
gasoline refinery workers have not conclusively shown an
increased incidence of kidney or liver cancer. Whether
these workers have an increased risk of contracting leu-
kemia is uncertain (Raabe 1993) (gasoline contains ben-
zene, which is known to cause leukemia). 

Diesel and gasoline exhaust and fuel vapors may also
cause health effects unrelated to cancer, but less informa-
tion is available for noncancer health effects. Acute and
chronic health effects could result from exposure to other
toxic components in gasoline and diesel fuel, such as ben-
zene, toluene, xylene, and butadiene, or additives such as
methanol, ethanol, manganese, MTBE, or atmospheric
reaction products such as formaldehyde and other alde-
hydes. Epidemiology research on respiratory symptoms
and function among miners, dock workers, and others
exposed to diesel exhaust was conducted in the United
States and Europe during the 1980s. The findings were
inconclusive but, taken together with evidence from
animal toxicology studies, they suggest that occupational
exposure could play a role in both acute and chronic respi-
ratory disease (Cohen and Higgins 1995; Watson and Green
1995; Cohen and Nikula 1999; reviewed in HEI 1999a). For
the current status of research on the noncancer effects of
diesel exhaust we refer to a review by Mauderly (2000). It
is not expected that exposure to gasoline during the
normal course of using automotive fuels (refueling or fuel
transport) would lead to acute health effects (Reese and
Kimbrough 1993).

Both diesel and gasoline engines have changed over the
past decade. Thus, there is a need for new scientific data
on the risks of exposure to engine emissions from vehicles
in use today. The two studies in this Research Report pro-
vide important information on the composition of current
engine emissions that may prove useful in subsequent
mechanistic and epidemiologic studies.
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INVESTIGATORS’ REPORT

Real-World Particulate Matter and Gaseous Emissions
from Motor Vehicles in a Highway Tunnel

Alan W Gertler, John A Gillies, William R Pierson, C Fred Rogers, John C Sagebiel, 
Mahmoud Abu-Allaban, William Coulombe, Leland Tarnay, and Thomas A Cahill

ABSTRACT

Recent studies have linked atmospheric particulate
matter with human health problems. In many urban areas,
mobile sources are a major source of particulate matter
(PM*) and the dominant source of fine particles or PM2.5
(PM smaller than 2.5 µm in aerodynamic diameter). Dyna-
mometer studies have implicated diesel engines as being a
significant source of ultrafine particles (< 0.1 µm), which
may also exhibit deleterious health impacts. In addition to
direct tailpipe emissions, mobile sources contribute to
ambient particulate levels by brake and tire wear and by
resuspension of particles from pavement. Information
about particle emission rates, size distributions, and chem-
ical composition from in-use light-duty (LD) and heavy-
duty (HD) vehicles is scarce, especially under real-world
operating conditions.

To characterize particulate emissions from a limited set
of in-use vehicles, we studied on-road emissions from
vehicles operating under hot-stabilized conditions, at rela-
tively constant speed, in the Tuscarora Mountain Tunnel
along the Pennsylvania Turnpike from May 18 through 23,
1999. There were five specific aims of the study.

(1) obtain chemically speciated diesel profiles for the
source apportionment of diesel versus other ambient

constituents in the air and to determine the chemical
species present in real-world diesel emissions;

(2) measure particle number and size distribution of
chemically speciated particles in the atmosphere;

(3) identify, by reference to data in years past, how
much change has occurred in diesel exhaust partic-
ulate mass;

(4) measure particulate emissions from LD gasoline
vehicles to determine their contribution to the
observed particle levels compared to diesels; and

(5) determine changes over time in gas phase emissions
by comparing our results with those of previous
studies.

Comparing the results of this study with our 1992
results, we found that emissions of C8 to C20 hydrocar-
bons, carbon monoxide (CO), and carbon dioxide (CO2)
from HD diesel emissions substantially decreased over the
seven-year period. Particulate mass emissions showed a
similar trend. Considering a 25-year period, we observed a
continued downward trend in HD particulate emissions
from approximately 1,100 mg/km in 1974 to 132 mg/km
(reported as PM2.5) in this study. The LD particle emission
factor was considerably less than the HD value, but given
the large fraction of LD vehicles, emissions from this
source cannot be ignored.

Results of the current study also indicate that both HD
and LD vehicles emit ultrafine particles and that these par-
ticles are preserved under real-world dilution conditions.
Particle number distributions were dominated by ultrafine
particles with count mean diameters of 17 to 13 nm
depending on fleet composition. These particles appear to
be primarily composed of sulfur, indicative of sulfuric acid
emission and nucleation.

Comparing the 1992 and 1999 HD emission rates, we
observed a 48% increase in the NOx/CO2 emissions ratio.
This finding supports the assumption that many new-tech-
nology diesel engines conserve fuel but increase NOx
emissions.

* A list of abbreviations and other terms appears at the end of this Investiga-
tors’ Report.

This Investigators’ Report is part of Research Report 107, Emissions from
Diesel and Gasoline Engines Measured in Highway Tunnels, which also
includes an Investigators’ Report by Daniel Grosjean and Eric Grosjean, a
Preface, a Commentary by the Health Review Committee, and an HEI State-
ment about the research projects. Correspondence concerning this Investiga-
tors’ Report may be addressed to Dr Alan W Gertler, Division of Atmospheric
Sciences, Desert Research Institute, 2215 Raggio Parkway, Reno NV 89512.

Although this document was produced with partial funding by the United
States Environmental Protection Agency under Assistance Award
R82811201 to the Health Effects Institute, it has not been subjected to the
Agency’s peer and administrative review and therefore may not necessarily
reflect the views of the Agency, and no official endorsement by it should be
inferred. The contents of this document also have not been reviewed by pri-
vate party institutions, including those that support the Health Effects Insti-
tute; therefore, it may not reflect the views or policies of these parties, and no
endorsement by them should be inferred.
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INTRODUCTION

BACKGROUND

Atmospheric particles have been implicated in delete-
rious effects on human health for some time. Recent
studies have discussed the epidemiology of this relation
(Dockery et al 1993; Pope et al 1995; Schwartz et al 1996),
possible causal mechanisms (Seaton et al 1995), and the
controversy that surrounds the particulate matter and
health effects debate (Vedal 1997). Important sources of
fine particles include mobile sources, power plants, wood
combustion, oil combustion, and geological material. In
urban areas, LD and HD diesel emissions may be the major
sources of fine particles (Wittorff et al 1994). Mobile
sources of particulate emissions include exhaust, tire
wear, brake wear (Pierson and Brachaczek 1983), and ejec-
tion of particles from pavement and from unpaved road
shoulders by resuspension (Moosmüller et al 1998). Most
particles in vehicle exhaust are smaller than 10 µm aerody-
namic diameter (PM10). Most particles from the mechan-
ical processes are larger than 10 µm. 

Information about particle emission rates from current
LD and HD vehicles is scarce. PM10 emission factors for 31
gasoline vehicles (model years 1964 to 1970) in the Unocal
SCRAP Program ranged from 0.10 to 16.7 g/mi (Dickson et
al 1991). In contrast to these older, poorer performing vehi-
cles, the emission factor from seven catalyst-equipped gas-
oline vehicles (model years 1977 to 1983, mean odometer
reading = 76,047 mi) was 0.018 g/mi for PM2.0 (particulate
matter smaller than 2.0 µm in aerodynamic diameter)
(Hildemann et al 1991). Gertler and colleagues (1995a)
reported the mean PM10 emission factors for LD and HD
fleets to be 0.015 ± 0.060 g/mi and 0.68 ± 0.13 g/mi, respec-
tively. Dynamometer PM10 emission factors for 13 tests on
11 HD vehicles averaged 0.79 g/mi (Gertler et al 1995b). In
a program designed to recruit high hydrocarbon and/or CO
emitters, Sagebiel and colleagues (1997) reported a mean
PM10 emission factor of 0.183 g/mi in 23 cars (model years
1976 to 1990) using roadside dynamometer testing (EPA
ingestion and maintenance test lasting 240 seconds
[IM240]). Vehicles emitting visible smoke had a mean
emission factor of 0.557 g/mi while the nonsmoker factor
was 0.052 g/mi (Sagebiel et al 1997). Many of these studies
used screening to ensure they characterized only certain
portions of the on-road fleet (eg, high-emitters, smokers).

Except for the tunnel experiments of Gertler and col-
leagues (1995a) and Pierson and Brachazek (1983), studies
of emission factors presented here used dynamometer data
and hence represent a few samples drawn from a large fleet
of vehicles. Further, dynamometer results may not accu-
rately represent real-world driving conditions (Gertler and
Pierson 1996; Pierson et al 1996), and the error inherent in

dynamometer tests may lead to emissions inventories that
incorrectly predict the mobile source contribution to the
inventory. For example, as part of an urban tunnel experi-
ment conducted in 1987, Ingalls and colleagues (1989)
found on-road CO and hydrocarbon (though not NOx)
emission rates that were 2 to 4 times greater than predicted
by EMFAC7C, the California mobile source emission factor
model in use at the time. In addition, recent results from the
Northern Front Range Air Quality Study (Fujita et al 1998)
indicate that emissions from LD vehicles may be consider-
ably greater than previously believed. Since LD vehicles
greatly outnumber HD vehicles, LD vehicles may actually
contribute more to the particle levels observed in Denver
(and therefore other cities) than emissions from diesels.

The effect of ultrafine particles on health has been spe-
cifically questioned. Baumgard and Johnson (1996),
studying steady-state emissions from a new-technology
diesel engine, observed emissions of 109 particles/cm3,
over three orders of magnitude greater than expected. This
work has not yet been replicated in the lab nor studied in
the field but has prompted several important questions.
For example, what is the importance of dilution on
quenching coagulation of particles and subsequent
number counts? Dilution, which is around 10:1 in the
dynamometer setting, can easily exceed 10,000:1 in a
roadway tunnel or urban situation.

SPECIFIC AIMS

In their RFA 98-3, HEI requested epidemiologic studies
providing dose-response data on the relation of human
cancer risk to long-term exposure to diesel emissions. To
successfully complete this work, researchers must deter-
mine the contribution of diesel emissions (both particles
and gases) to the ambient air. Scientists will also need
chemical speciation as well as particle size and number
distribution for diesel emissions. Unfortunately, informa-
tion is scarce for on-road size-fractionated and chemically
speciated emission data from current diesel vehicles.
Questions regarding the health impact of ultrafine particle
emissions have also been raised. Mobile sources may be a
major contributor of these particles (Baumgard and
Johnson 1996).

To provide the information required for HEI’s future
studies, we measured emissions from vehicles using a
roadway tunnel along the Pennsylvania Turnpike. Tunnel
studies allow researchers to determine real-world motor
vehicle emission rates, emission rates for a given class
automatically averaged over many vehicles, and physical
and chemical characterization of emissions under ambient
conditions. These studies can also provide a benchmark
for model development and evaluation of motor vehicle
contributions to ambient PM. Tunnel studies have some
limitations, however: Vehicles tend to be operating in the
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hot-stabilized mode. Variations in speed and acceleration
are limited. Vehicles operating in interstate tunnels tend to
be newer and better maintained than those in urban areas.
The ranges of ambient temperature and of humidity are
smaller than those on open roadways.

Specific objectives of this study included:

(1) Obtain chemically speciated diesel profiles for
source apportionment of diesel versus other
ambient constituents in the air and for deter-
mining the chemical components of real-world
diesel emissions.

(2) Measure particle number and chemically speciated
size-segregated particle distributions emitted into
the real atmosphere.

(3) Determine, by reference to historical data (Figure 1),
any reduction in diesel exhaust particulate mass.

(4) Measure particulate emissions from LD gasoline
vehicles that may contribute to the total observed
particle levels.

We also measured a limited number of gases in emis-
sions from the in-use fleet. We added an objective to
address questions raised by Walsh (1998) regarding the
extent of NOx emissions from current diesel engines:

(5) Determine, by comparison with previous studies,
changes in the gas phase emissions.

REPORT ORGANIZATION

As described in Specific Aims, this study encompassed
a number of specific objectives. We have divided the
report into discrete sections in order to better address the
study objectives and the needs of the research community.
The Introduction describes the motivation for the study,
the study objectives, and the report organization. The next
section is general in nature and provides background for

specific areas addressed in the Results. The Experimental
Design section describes the physical layout of the tunnel,
the sampling setup, and the sampling run descriptions.
The next five sections describe the results of the study.
Each section contains a description of measurement
and/or analytic methods related to the research question
addressed in the section and the research results. The
Results sections and related questions are as follows: 

(1) PM Mass Emission Rates: What are the observed LD
and HD mass emission rates and how have they
changed over twenty-five years (1974 to 1999)
(Objective 3)? How important are PM emissions
from LD vehicles (Objective 4)?

(2) Chemically Speciated Emission Rates: What is the
chemical composition of emissions from the cur-
rent fleet (Objective 1)?

(3) PM2.5 Emission Profiles: Based on the chemically
speciated emission rates described in the previous
section, what species are important in current pro-
files (Objective 1)? How have emission profiles
changed over the years (Objective 1 and related to
Objective 3)? 

(4) Size-Segregated and Chemically Speciated Emis-
sions: Are there differences in the chemical com-
position of discre te part ic le size  frac tions
(Objective 2)?

(5) Particle Size Distribution Measurements: Do on-
road vehicles sources emit large numbers of
ultrafine particles (Objective 2)?

(6) Gas Phase Emissions: How have gaseous emissions
changed and has the NOx emission rate from HD
vehicles increased (Objective 5)? 

Finally, the report contains sections describing the sum-
mary and conclusions, acknowledgments, and references.
Appendix A, Calculation of Emission Factors in Tunnels,
discusses how emissions are measured and how LD and
HD emission factors are separated. 

EXPERIMENTAL DESIGN

TUNNEL

The Tuscarora Mountain Tunnel is a two-bore tunnel, two
lanes each bore, 1,623.2 m (5,325.4 ft) long, that carries the
Pennsylvania Turnpike (Interstate 76) through Tuscarora
Mountain in south-central Pennsylvania at an altitude of
about 305 meters (Figure 2). The road is flat (an upward
grade of 0.30% toward the middle from either end) and
straight. Posted speed is 55 mph; actual speed in the tunnel
was determined during each run using a radar gun. We mea-
sured vehicle emissions in the eastbound bore.

Figure 1. Trend in PM emission factors observed in highway tunnels
from 1974 to 1993 (Pierson and Brachaczek 1983; Gertler et al 1995a).



8

Real-World Particulate Matter and Gaseous Emissions

The nearest interchange (10 km west of the tunnel
entrance) is lightly used. Other accesses are the Sideling
Hill service plaza (22 km to the west), the interchange with
Interstate 70 (40 km to the west, heavily used), and other
interchanges and service plazas farther west. Effectively,
the minimum trip length before reaching the tunnel is
15 minutes (much of it after a hot start). We estimate that
75% of all vehicles are on the road over 50 minutes before
reaching the tunnel. Accordingly, cold-start and hot-start
operations are inconsequential in the eastbound traffic.

The Tuscarora Mountain Tunnel is ventilated entirely
by the traffic piston effect and the prevailing westerly
wind. The mechanical ventilation system was not oper-
ated during the experiment (as is typical during normal
operation of this tunnel). This situation is ideal for emis-
sion rate calculations and is well suited to the study of par-
ticulate matter: no fresh air injections occur within the
tunnel, and none of the particulates are removed as is the
case in many transverse-vented US tunnels.

Mean residence time of air within the tunnel was 5 ±
1 minutes, calculated from the tunnel length and mea-
sured wind speeds. The mean residence time of substances
emitted within the tunnel was presumably half as long,
minimizing wall losses of the emitted pollutants. Consis-
tent with the 37.8-meter centerline separation between the
eastbound and westbound bores of Tuscarora, cross-con-
tamination was not detected; in addition, the sampling
arrangement minimized any effect.

SAMPLING METHODS

Sampling stations were placed a few meters inside of
each portal to ensure that only tunnel air was trapped. Gas
and particle samplers were located in the exhaust vents
above the roadway, while anemometers were situated on

the walkways adjacent to the road. This enabled us to
install the equipment without interfering with the traffic.
We had evaluated the influence of sampler placement on
the measurements during our 1992 Tuscarora Mountain
Tunnel experiment (Pierson et al 1996). During that study,
anemometers and samplers were installed along both sides
of the road and above the roadway surface at the tunnel
inlet and outlet. Measurements for the samplers located at
either end of the tunnel agreed to within 5%, implying the
pollutants were well mixed and that air flow differed little
across the tunnel. Consequently, each sampling station
consisted of: 

• two propeller anemometers for air flow measure-
ments, 

• a Tedlar bag sampler for CO, CO2, total hydrocarbons 
(THC), nitric oxide (NO), and NOx, 

• a canister sampler for sulfur hexafluoride (SF6),

• a Tenax sampler for speciated C8 to C20 hydrocarbons,

• a polyurethane foam (PUF)/resin (XAD, Rohm and 
Haas Corporation, Philadelphia PA) sampler for poly-
nuclear aromatic hydrocarbons (PAHs),

• a Davis rotating unit for monitoring (DRUM) sampler 
for size-fractioned particle mass and speciation, and

• an Interagency Monitoring of Protected Visual Envi-
ronments (IMPROVE) sampler for PM2.5 (mass and 
chemical speciation)

• a DustTrak sampler for PM10 mass.

Additional instrumentation included a scanning
mobility analyzer/condensation nuclei counter that was
moved to obtain size-fractionated counts from the tunnel
inlet and outlet and from background air. At the tunnel
outlet we deployed a radar gun to measure vehicle speed
and a video camera to record the vehicles present during
each run. Vehicles were also identified by class and model
year as they passed through the tunnel.

The bag analyses for CO2, CO, THC, NO, and NOx were
performed on site using standard methods (eg, Pierson et
al 1996). Instruments for monitoring ambient temperature,
humidity, and barometric pressure were located in the
tunnel maintenance areas, adjacent to the monitoring loca-
tions. The analytic instruments were calibrated daily with
National Institute of Standards and Technology (NIST)
traceable standards.

The Tedlar bags were analyzed immediately after each
run using a gas filter correlation CO2 analyzer, gas filter
correlation CO analyzer, chemiluminescence NO/NOx
analyzer, and flame ionization detector (FID) THC ana-
lyzer. Laboratory analyses of the Tenax cartridges and
PUF/XAD samples were performed at Desert Research
Institute (DRI). IMPROVE PM2.5 filters and DRUM samples
were sent to the University of California Davis for analysis.

Figure 2. East end of Tuscarora Mountain Tunnel.
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SAMPLING PERIODS

Twenty experimental runs were performed between
May 18 and May 23, 1999. All experimental periods except
for the final one lasted one hour. The final period was
dominated by LD vehicles and ran for two hours so that a
larger particulate sample could be collected for chemical
analysis. Periods were chosen to maximize the range in the
fraction of HD vehicles. For example, late night runs
tended to be dominated by HD traffic while midday and
weekend runs had high fractions of LD vehicles (Table 1).

A total of 9,771 vehicles were observed during the
experiment (6,888 cars, 290 medium trucks, and 2,883
large trucks). The maximum eastbound volume was 1,681
vehicles in Run 20 (840 vehicles/hr). During the Monday
through Thursday weekday runs, the number of HD vehi-
cles was fairly constant (156 to 202 vehicles/hr); however,
this number decreased on Friday and over the weekend.
The fraction of HD vehicles (class 4 to 8, medium and
panel trucks) ranged from 86.5% to 11.6%. The fraction of
HD 7 and 8 vehicles (large trucks such as semitrailers)
ranged from 83.0% to 9.6%. Because the class HD 7 to 8
fraction is likely to be composed of 100% diesel vehicles,
and the HD 4 to 6 fraction would be mixed diesel and

spark-ignition vehicles, we ran a regression analysis on the
class 7 to 8 fraction to separate out all LD emission rates.

Vehicle speeds for each period were 53.2 to 61.7 mph
with a mean of 56.3 ± 2.2 mph, fairly close to the posted
speed of 55 mph. The LD vehicles travelling through the
tunnel tended to be quite new, with an mean age of 5 years
(the mean model year ranged from 1991.1 to 1995.0). This
is similar to our 1992 study (Pierson et al 1996) in which
the LD vehicles were approximately 4 years old. Very few
pre-1980 vehicles were observed.

PARTICULATE MASS EMISSION RATES

PM2.5 MASS MEASUREMENT METHODS

Particle measurements using IMPROVE samplers (Cahill
et al 1988) and DustTrak aerosol monitors (model 8520, TSI,
St Paul MN) were performed during 20 test periods from
May 18 through May 23, 1999 at the Tuscarora Mountain
Tunnel, Pennsylvania. The objective of this portion of the
study was to develop PM2.5 and PM10 emission factors

Table 1. Run Descriptions, 1999 Tuscarora Mountain Tunnel Study (May 18 through May 23)

Number of Vehicles Fraction 
HD 7–8

(%)

Mean 
LD Model 

Year

Mean 
Speed 
(mph)Run Day Start Timea LD HD 4–6 HD 7–8 Total

1 Tue 1200. 334 24 171 529 0.323 1994.1 54.9
2 Tue 2000. 177 11 197 385 0.512 1994.6 54.8
3 Tue 2200. 104 10 179 293 0.611 1993.5 57.0
4 Wed 0000. 31 4 171 206 0.830 1993.5 54.9

5 Wed 0200. 26 10 156 192 0.813 1991.1 55.1
6 Wed 1900. 240 14 200 454 0.441 1994.8 57.7
7 Wed 2100. 148 20 191 359 0.532 1994.3 54.4
8 Wed 2300. 70 4 178 252 0.706 1993.6 53.6

9 Thur 0100. 43 6 152 201 0.756 1994.3 55.0
10 Thur 1600. 505 23 202 730 0.277 1994.8 53.2
11 Fri 0500. 88 9 151 248 0.609 1993.7 58.1
12 Fri 0700. 208 27 167 402 0.415 1994.9 57.5

13 Fri 0900. 366 17 90 473 0.190 1994.7 53.8
14 Fri 1700. 706 16 92 814 0.113 1994.7 56.9
15 Sat 1100. 490 11 53 554 0.096 1995.0 57.0
16 Sat 1300. 444 15 80 539 0.148 1994.5 56.5

17 Sat 1500. 406 12 70 488 0.143 1994.6 57.0
18 Sat 1700. 377 14 51 442 0.115 1994.2 59.5
19 Sun 1000. 435 14 80 529 0.151 1994.3 58.1
20 Sun 1200. 1400 29 252 1681 0.150 1992.6 61.7

a All runs lasted 1 hour with the exception of run 20, which lasted 2 hours.
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characterizing the contribution from the fleet passing
through the tunnel.

This section describes the particulate collection and
analytic methods along with the results of the analyses.

IMPROVE PM2.5

Samples for PM2.5 mass were collected over a one-hour
period at the tunnel inlet and outlet using IMPROVE sam-
plers. The standard IMPROVE sampler consists of four
independent sampling modules, each containing: 

• a size-selective inlet for PM10;

• a cyclone to provide a PM2.5 particle size cutoff based 
on the flow rate;

• collection substrates;

• a critical orifice to provide the proper flow rate for the 
desired particle size cutoff; and

• a vacuum pump to produce the flow.

The flow rate is monitored by two independent magne-
helic gauges to measure the pressure drop across the
cyclone and the filter. Three modules (denoted A, B, and
C) are fine particle (PM2.5) samplers. A cyclone operated
with a flow rate of 22.7 L/min allows collection of PM2.5
(John et al 1988). The cut point was validated both in
extensive field and laboratory studies at the University of
California Davis (Eldred et al 1988) and in carbonaceous
species validation tests performed in 1986 by the Cali-
fornia Air Resources Board in Los Angeles (Hering et al
1990). The fourth module (D), a coarse particle (PM10)
sampling system, was not used for this study. For the
1-hour sampling periods used in this study, detection
limits for speciated analyses of the IMPROVE sampler fil-
ters were 24 to 74 ng/m3.

Gravimetric Analysis

Before and after exposure, the channel A Teflon-mem-
brane filters were weighed on a Cahn 33 microbalance.
The filters were equilibrated for 24 hours to lab room con-
ditions prior to weighing. The standards include calibra-
tion with a 200-mg class 1.1 weight, 100-mg class
1.2 weight, and control 25-mm and 47-mm filters.

PM10 DustTrak Data

This study provided the opportunity to assess the per-
formance of the DustTrak 8520 in measuring PM10, from
which emission factors could be estimated. The Dust-
Trak is a portable, battery-operated, laser-photometer
that uses light-scattering technology to determine mass
concentration in real time. In applied studies of dust
emissions, Nickling and associates (1997) and White and
coworkers (1997) found these instruments to be superior
to the traditional method of collecting suspended sedi-
ment on filters. Filter measurements are prone to error in
short-duration field studies because the sample volumes
are small (Nickling and Gillies 1989, 1993). Data obtained
with a DustTrak at the tunnel exit show the ability of this
instrument to collect data with a high temporal precision
(Figure 3). A DustTrak was deployed at the entrance and
exit of the tunnel for 11 of the 20 runs. One-minute means
of PM10 were collected during each sampling run from
which hourly means were calculated (Table 2). The high
concentration peaks in Figure 3 likely represent the influ-
ence of high instantaneous PM10 concentrations that occur
when HD vehicle plumes are sampled.

Moosmüller and colleagues (2001) evaluated the Dust-
Trak’s ability to quantify diesel particulates against several
particle mass measurement methods. Relative to the stan-
dard filter methods, the DustTrak overestimated mass con-
centration of diesel particulates from 1.2–1.3 times the
gravimetrically obtained values. Moosmüller and col-
leagues (2001) also reported time-averaged concentration
data measured gravimetrically and with the DustTrak corre-
lated well (R2 = 0.87 to 0.98). However, the slope of the cor-
relation varied between 0.55 and 1.3. Moosmüller and
colleagues (2001) attributed this variation to differences in
aerosol characteristics among individual vehicles. In the
tunnel, the aerosol is dominated by small carbonaceous par-
ticles, but there is also a road dust component that approxi-
mates the characteristics of the calibration dust. Due to the
dominance of the carbonaceous material and its smaller par-
ticle size, the PM10 mass concentration measurements
obtained with the DustTrak are probably overestimates. 

PM2.5 MASS EMISSION RATES

Emission rates for PM10 and PM2.5 were calculated as
described in Appendix A.

Figure 3. Mean 1-minute PM10 concentrations measured with two
DustTraks, one at tunnel inlet and one at outlet during run 4 (5/18/99;
0002–0102).
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Run-by-Run Mass Emission Rates

Twenty runs with measurements of the inlet and outlet
PM2.5 concentrations were completed. After omitting two
suspect outliers (runs 4 and 12), the calculated PM2.5 emis-
sion factors ranged from 0.012 g/mi (0.007 g/km) to
0.260 g/mi (0.162 g/km) (Table 3). We suspect that a mea-
surement or analytic error caused the outlying values and
these were deleted from subsequent analyses. The mean
emission factor for the 18 remaining runs was 0.100 ±
0.067 g/mi (0.062 ± 0.042 g/km). The standard deviation of
emission factors was controlled to the greatest extent by
the fraction of HD vehicles passing through the tunnel
during the test runs.

Variation in the fraction of HD vehicles also provided a
means for estimating the relative contributions from LD
and HD vehicles (Appendix A). The regression analysis
defining the contributions from pure LD and HD vehicle
fleet emissions is shown in Figure 4. Based on this anal-
ysis, the emission factor for the mix of HD vehicles sam-
pled was 0.217 ± 0.029 g/mi (0.135 ± 0.018 g/km). The
emission factor for the sampled LD fleet was 0.022 ±
0.021 g/mi (0.014 ± 0.013 g/km). The uncertainty estimate
for the emission factor was determined from the regression
statistics. The uncertainty was set equal to the standard
error in the y-estimate, which in turn was determined by
using the fraction of HD and the fraction of LD as the inde-
pendent variable in two separate least squares regressions.
Emissions from different samples of the on-road vehicle
population varies considerably among runs (Figure 4). The
scatter represents some of the variability in the differences
in vehicle-to-vehicle emission characteristics. 

To assess how well these emission factors represent
actual emission levels, the results were compared with
those from independent PM10 DustTrak measurements at
the inlet and outlet of the tunnel (Table 2). These PM10
emission factors ranged between 0.021 g/mi (0.013 g/km)
and 0.300 g/mi (0.186 g/km) with a mean of 0.141 ±
0.086 g/mi (0.087 ± 0.054 g/km).

A regression analysis was used to estimate the pure LD
and HD PM10 emission factors (Figure 5). The PM10 emis-
sion factor for the mix of HD vehicles sampled was 0.292 ±
0.021 g/mi (0.181 ± 0.013 g/km). The PM10 emission factor

Figure 4. Measured PM2.5 emission factor as a function of the fraction
of HD vehicles in the sample as determined from the IMPROVE data.
Emission factors were calculated by multiplying the fraction HD by
0.195 and adding 0.022.

Table 2. Hourly Means and Emission Factors of PM10 Measured with DustTraks for 
11 Valid Test Runs

Run
 Mean Inlet PM10 

(mg/m3 ± SD)
 Mean Outlet PM10 

(mg/m3 ± SD)

PM10 Emission Factor

 (g/mi) (g/km)

2 0.042 ± 0.012 0.110 ± 0.061 0.186 0.116
4 0.036 ± 0.009 0.085 ± 0.037 0.226 0.140
5 0.048 ± 0.013 0.109 ± 0.057 0.300 0.186
6 0.014 ± 0.010 0.064 ± 0.031 0.134 0.083

8 0.010 ± 0.005 0.061 ± 0.025 0.206 0.128
11 0.015 ± 0.004 0.058 ± 0.021 0.168 0.104
13 0.011 ± 0.011 0.074 ± 0.037 0.134 0.083
14 0.018 ± 0.009 0.066 ± 0.036 0.056 0.035

18 0.059 ± 0.006 0.087 ± 0.020 0.051 0.032
19 0.040 ± 0.005 0.051 ± 0.004 0.021 0.013
20 0.071 ± 0.009 0.124 ± 0.026 0.068 0.042

Mean ± SD 0.033 ± 0.021 0.081 ± 0.024 0.141 ± 0.086 0.087 ± 0.054
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for the sampled LD fleet was 0.016 ± 0.018 g/mi (0.010 ±
0.011 g/km). 

The PM2.5/PM10 ratio based on the mean mixed fleet
emission factors was 0.71. For the HD regression-derived
emission factors, the ratio was 0.74. The large uncer-
tainty on the LD regression-derived emission factors
makes calculation of the ratio highly suspect, however.
Gillies and colleagues (2001) also found this ratio to be
0.74 for the Sepulveda Tunnel in Los Angeles based on
measurements in 1996. The fraction of HD vehicles in the
Sepulveda Tunnel study averaged only 0.026.

On a run-by-run basis, the mean PM2.5/PM10 ratio of
0.88 ± 0.59 varied considerably but included the two sus-
pect runs (4 and 12). If these two runs are not included, the
ratio was 0.74 ± 0.40. The mean fraction of HD vehicles in

the Tuscarora data set was 0.43 ± 0.26. The emission fac-
tors calculated for the two size fractions using two dif-
ferent measurement methods were in relative agreement.

Reconstructed Mass PM2.5 Emission Factors

Emission rates can also be based on a reconstruction of
the mass using the chemical speciation data. Three dif-
ferent reconstructions of mass were calculated from data
generated by the different methods used to speciate partic-
ulate samples and contributions from trace inorganic spe-
cies. The most critical species to consider for mobile
sources is the carbon fraction (elemental carbon [EC] and
organic carbon [OC]) because this is the predominant com-
ponent of particulates exiting the tailpipe. In this study,
the make-up of the carbon emissions was determined
using three different measurement techniques: proton
elastic scattering analysis (PESA), thermal optical reflec-
tance (TOR) (Chow et al 1993), and gas chromatog-
raphy/mass spectroscopy (GC/MS). The PESA technique
provides a measure of OC while the TOR method differen-
tiates the relative proportions of EC and OC. The third
method (GC/MS) identifies the PAH component of OC.

The first reconstructed mass comprised sulfate, selected
inorganic elements of common soil (Al, Si, Ca, Fe, and Ti
multiplied by molar correction factors), and a measure of
organics. The concentrations are derived from particle-
induced x-ray emission (PIXE) and PESA analysis after the
method of Malm and colleagues (1994). Their recon-
structed mass does not include EC, but for mobile sources
the EC component can account for a large percentage of
total emissions. The EC contribution based on the TOR

Table 3. PM2.5 Emission Factor Estimates for 
20 Test Runs

Run

Fraction 
of HD
4–8

Concentration
(mg/m3)  

PM2.5 
Emission Factora

Inlet Outlet (g/mi) (g/km)

1 0.369 37 90 0.099 0.062
2 0.540 27 104 0.210 0.131
3 0.645 46 88 0.140 0.087
4 0.850 36 38 0.006b 0.004b

5 0.865 33 85 0.260 0.162
6 0.471 17 58 0.111 0.069
7 0.588 15 48 0.102 0.063
8 0.722 25 54 0.120 0.075

9 0.786 25 46 0.104 0.065
10 0.308 22 88 0.105 0.065
11 0.645 33 75 0.166 0.103
12 0.483 49 60 0.031b 0.019b

13 0.226 27 40 0.027 0.017
14 0.133 26 92 0.077 0.048
15 0.116 29 123 0.133 0.083
16 0.176 48 70 0.034 0.021

17 0.168 43 58 0.025 0.016
18 0.147 46 52 0.012 0.007
19 0.178 36 60 0.045 0.028
20 0.167 36 60 0.031 0.019

Meanb 0.429 0.100c 0.062c

SDb 0.262 0.067c 0.042c

a Calculated by method described in Appendix A.
b Data for runs 4 and 12 were considered outliers and were not included in 

further analyses. Run 4 was the lowest value. Run 12 was 25% of the 
expected value and had the greatest deviation from the regression line 
(model).

c Runs 4 and 12 not included.

Figure 5. Measured PM10 emission factors as a function of the fraction
of HD vehicles in the sample as determined from PM10 concentrations
measured with the DustTraks. The emission factors were calculated by
multiplying the fraction HD by 0.276 and adding 0.016.
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carbon analysis was included with the Malm and col-
leagues (1994) species to produce the emission factor rela-
tion shown in Figure 6. Based on this reconstruction of the
mass, the emission factors for HD and LD vehicles change
substantially from those obtained by gravimetric analysis
of the filters. The HD emission factor (± SE) increased to
0.300 ± 0.027 g/mi (0.186 ± 0.017 g/km) and LD decreased
to 0.012 ± 0.021 g/mi (0.007 ± 0.013 g/km). The uncer-
tainty associated with the LD emission factor increases
considerably using these reconstructed mass data.

The OC value determined through PESA analysis can be
replaced with the OC value determined using TOR and the
reconstructed mass emission factor relation plotted against
the fraction of HD vehicles (Figure 7). Using the TOR-
derived OC values increases the HD factor (± SE) to 0.477 ±
0.053 g/mi (0.296 ± 0.033 g/km) and lowers the LD rate to
0.001 ± 0.043 g/mi (0.0006 ± 0.027 g/km). The uncertain-
ties of these estimates are considerably higher, suggesting
that the OC measurements from TOR were less reliable for
measurement of OC than the PESA method.

A third reconstruction of the mass was derived from the
inclusion of all the minor inorganic constituents, not just
the species used by Malm and colleagues (1994), as well as
the TOR-derived EC and the PESA-derived OC. Inclusion
of other minor elements had little effect on the HD and LD
emission factors, suggesting that these additional elements
contribute only a small fraction (<< 0.1%) to the total
emissions. The relation between the reconstructed mass
emission factor including all the minor species from the
PIXE analysis along with the two above-mentioned carbon
components is shown in Figure 8. The HD emission factor

Figure 6. Reconstructed mass based on Malm and colleagues (1994)
plus EC determined from TOR analysis and the fraction of HD vehicles.
The emission factors were calculated by multiplying the fraction HD by
0.300 and adding 0.012.

Figure 7. Reconstructed mass based on Malm and colleagues (1994), but
substituting the carbon contribution using the EC and OC determined
from TOR analysis and the fraction of HD vehicles. The emission factor
was calculated by multiplying the fraction HD by 0.476 and adding 0.001.

Figure 8. Reconstructed mass that includes all the measured inorganic
species, the OC based on PESA analysis, and EC determined from TOR
analysis and the fraction of HD vehicles. The emission factor was calcu-
lated by multiplying the fraction HD by 0.301 and adding 0.014.
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for the data shown in Figure 8 was 0.315 ± 0.027 g/mi
(0.196 ± 0.017 g/km). The corresponding LD emission
factor based on regression analysis was 0.014 ± 0.021 g/mi
(0.009 ± 0.013 g/km).

In general, using the reconstructed mass led to an overall
increase in estimated HD emission factor and a decrease in
the LD factor, each by a factor of approximately two.

COMPARISON WITH PREVIOUS DATA

The 1999 Tuscarora Tunnel emission factors are pre-
sented with other tunnel and dynamometer data in Table
4. The dynamometer studies had small sample sizes drawn
from a large population of vehicles and resulted in emis-
sion factors that may not accurately represent real-world
driving conditions or vehicle fleets (Gertler and Pierson
1996; Pierson et al 1996). The dynamometer-derived emis-
sion factors for nonhigh-emitter or nonsmoker LD vehicles

are lower than the tunnel-derived factors by several orders
of magnitude (Environmental Research Consortium 1997;
Mulawa et al 1997). As shown in the table, the dynamom-
eter-derived emission factors for in-use vehicles and for
vehicles identified as high-emitter or smoking vehicles
have approached or exceeded emission factor values
observed in tunnel data. For example, Norbeck and
coworkers (1998), Cadle and associates (1997), and Sage-
biel and colleagues (1997) all show smoking LD vehicles
emit at levels comparable to HD vehicles. However, the
percentage of high-emitters and smokers in a vehicle pop-
ulation and the relative contributions to ambient PM
varies considerably.

Dynamometer studies of in-use HD vehicles show sub-
stantially higher emission factors than our HD emission
factor estimated for Tuscarora (0.217 ± 0.029 g/mi; 0.135 ±
0.018 g/km). Lowenthal and associates (1994) reported an
emission factor of ~1 g/mi (0.6 g/km) and Graboski and

Table 4. PM Emission Factors Among Several Recent Studies

Measurement Method
PM2.5 Emissions 

(g/km)
PM10 Emissions...

(g/km ± SD)...

Mixed LD and HD in Tuscarora Mountain Tunnel (this study)
Tunnel measurements (mean) 0.062 ±  0.042 SD 0.087 ±  0.054 
HD emission rate estimated from tunnel measurements 0.135 ±  0.018 SE 0.181 ±  0.013 
LD emission rate estimated from tunnel measurements 0.014 ±  0.013 SE 0.010 ±  0.011

Mixed LD and HD in Sepulveda Tunnel (Gillies et al 2001)
Tunnel measurements (mean) 0.053 ±  0.027 SD 0.069 ±  0.030

Mixed LD and HD in roadway tunnels (Gertler et al 1995a,b)
HD emission rate estimated from tunnel measurements 0.420  ±  0.08 SE

In-use LD (Norbeck et al 1998)
Dynamometer 0.018  ±  0.009 (medium)

0.185 ±  0.059 (high)

In-use LD high emitters of either CO or HC (Cadle et al 1997)
Portable dynamometer 0.058  (nonsmokers) 0.239 (smokers)

In-use LD high emitters of either CO or HC (Sagebiel et al 1997)

Portable dynamometer 0.346 (smokers)
0.032 (nonsmokers)

3 LD new/clean fueled (Mulawa et al 1997)

Dynamometer 0.002

CA RFG fueled LD (Environmental Research Consortium 1997)
Dynamometer 0.0004 (cars)

0.0008   (trucks)

In-use diesel trucks and buses (Lowenthal et al 1994)
Dynamometer (HD) 0.6
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colleagues (1998) measured factors between 0.3 and
4.5 g/mi (0.2 and 2.8 g/km).

Other tunnel studies are more directly comparable to
the present study because the operating conditions of the
fleets were also hot stabilized. Gillies and colleagues
(2001) reported a mean PM2.5 emission factor of 0.085 ±
0.044 g/mi (0.053 ± 0.027 g/km) for 1996 field measure-
ments made in the Sepulveda Tunnel. The fraction of HD
vehicles in this fleet was low (~3%) but could not be split
because the vehicle distribution varied little between test
runs. Gertler and colleagues (1997b) reported a mean
PM2.5 emission factor of 0.045 ± 0.003 g/mi (0.028 ±
0.002 g/km) for measurements made in the same tunnel in
1995. The 1995 Sepulveda emission factor is based upon a
limited dataset (4 test runs). The higher mean emission
factor for Tuscarora can be explained by the greater frac-
tion of HD vehicles in these data.

In the Fort McHenry Tunnel in 1993, mean PM10 emission
factors for the LD and HD fleets were 0.014 ± 0.060 g/mi
(0.009 ± 0.037 g/km) and 0.676 ± 0.129 g/mi (0.42 ±
0.08 g/km), respectively (Gertler et al 1995a). Given the
standard deviation in the LD rates for Fort McHenry and
Tuscarora (0.016 ± 0.018 g/mi [0.010 ± 0.011 g/km]), the
values are quite similar despite the six-year time differ-
ence. However, the HD factors differ appreciably between
the study of Gertler and colleagues (1995a) and the present
study. The HD PM10 emission factor estimated for the Tus-
carora Tunnel (0.292 ± 0.021 g/mi; 0.181 ± 0.013 g/km) is
about 2.3 times lower than the value estimated for the Fort
McHenry Tunnel in 1993. This difference may well be real.
Data from a number of other tunnel studies show a similarly
dramatic decrease in tailpipe emissions for HD vehicles
between 1975 and 1999 (Figure 9). This decline in emis-
sions is probably due to improved fuels and technology.

Data for describing a trend in real-world PM2.5 LD
vehicle emissions are not as available as they are for HD

vehicles. Except for reports of Gertler and colleagues
(1995a, 1999), few on-road LD PM2.5 measurements exist.
Prior to these studies, the size fractions typically mea-
sured were larger than PM2.5 (eg, PM10). The data from
the current study and from Gertler and colleagues (1995a)
suggests that, within stated uncertainties, the LD emis-
sion factor (± SE) has remained static at around 0.026 ±
0.027 g/mi (0.016 ± 0.017 g/km). The ability of the LD
emission factor to correctly represent LD emissions is
confounded by the relative contributions of LD emitter
subclasses (eg, high-emitters, smokers, cold-start) to the
observed ambient levels. 

CHEMICALLY SPECIATED EMISSION RATES

MEASUREMENT METHODS

IMPROVE PM2.5 Sampler

Samples for PM2.5 chemically speciated analysis were
collected using IMPROVE PM2.5 samplers at the tunnel
inlet and outlet as described earlier in this report. 

Tenax Sampling

The Tenax sampling unit drew two parallel streams of
air (at ~0.5 and ~0.7 L/min/stream) to collect duplicate
samples with the pump downstream from the Tenax.
Duplicate samples are important because the analysis can
be conducted only once per Tenax tube. Flow rates were
measured before and after each run using a calibrated elec-
tronic mass flow meter; the mean value was used to calcu-
late volumes of air sampled. Prior to use, the Tenax-TA
solid adsorbent was cleaned by Soxhlet extraction with a
4:1 (volume) hexane/acetone mixture, packed into glass
tubes (4 mm internal diameter [ID] by 15 cm long, each
tube containing 0.2 g Tenax), and thermally conditioned
for 4 hours at 300°C under nitrogen purge. One Tenax
sample from each lot was analyzed for purity. Before and
after sampling, stored Tenax cartridges were tightly
capped with clean Swagelok fittings with graphite/vespel
ferrules, placed in metal containers with activated char-
coal on the bottom (to absorb vapors), and kept cool until
transported to a laboratory freezer (Zielinska et al 1996).

PAH Sampling

The fine particle, semivolatile, organic compound sam-
pler was used to collect samples for organic compound
analysis. To account for the total ambient concentrations of
semivolatile organic compounds (such as PAHs, which are
distributed between the gas and particle phases), we used
a filter followed by a backup solid adsorbent. The filter
was a 10 cm diameter, Teflon-impregnated glass-fiber filter

Figure 9. HD emission factor estimates between 1975 and 1999 (present
study) derived from tunnel studies. Note that the markers for 1999
include Tuscarora PM10, PM2.5, and PM2.5 (reconstructed mass).



16

Real-World Particulate Matter and Gaseous Emissions

(TIGF). The adsorbent, PUF in combination with polysty-
rene-divinylbenzene resins, semivolatile PAHs were col-
lected using XAD-4 (PUF/XAD-4/PUF cartridges)
(described by Zielinska et al 1998). The flow was set to
113 L/min using a calibrated rotameter and was checked
both before and after sampling.

Prior to sampling, XAD-4 resin was Soxhlet extracted
with methanol followed by dichloromethane (CH2Cl2),
each for 8 hours. The cleaned resin was dried in a vacuum,
oven heated to 40°C, and stored in sealed glass containers
in a clean freezer. The PUF plugs were Soxhlet extracted
with 10% diethyl ether in hexane followed by acetone.
The TIGF filters were cleaned by sonification in CH2Cl2 for
30 minutes followed by another 30-minute sonification in
methanol. Then they were dried, placed in aluminum foil,
and labeled. The purity of each batch of cleaned XAD-4
resin, and of ~10% of the cleaned TIGF filters and PUF
plugs, was checked by solvent extraction and GC/MS anal-
ysis of the extracts. The PUF plugs and XAD-4 resins were
assembled into glass cartridges (10 g of XAD between two
PUF plugs), wrapped in aluminum foil, and stored in a
clean freezer prior shipment to the field.

ANALYTIC METHODS

Inorganic Analyses

The channel A Teflon substrates were weighed in the
laboratory to determine the gravimetric mass and were
then analyzed by PIXE, x-ray fluorescence, and PESA to
determine the elemental concentrations (ie, hydrogen and
sodium through uranium).

Extracts from the channel B nylon substrates were ana-
lyzed by ion chromatography (IC) for sulfate and nitrate
ions. The samples were prepared for IC analysis by ultra-
sonic extraction for 20 minutes using 23 ml of Dionex IC
eluent. Since ambient gaseous nitric acid is adsorbed by
nylon filters and subsequently transforms to a solid
nitrate, measurements of particulate nitrates would be
inflated. Therefore, a gas denuder, consisting of a set of
concentric cylindrical aluminum sheets coated with potas-
sium carbonate, was placed in the channel B inlet to
remove nitric acid before collection. This denuder also
removed sulfur dioxide gas, which could possibly interact
with collected particles and falsely contribute to the par-
ticulate sulfate measurements.

The short sampling time, 1 hour, is only 4% of the stan-
dard time used in IMPROVE. While some species were
greatly enhanced in the tunnel, we estimated that the
blank and analytic variability would be greater for other
species than any detectable emission. In particular, the
uncertainty in the 1-hour ion data was greater than the
expected signal (based on other measured species).

The channel C quartz substrates were analyzed by TOR
combustion for OC and EC. The TOR method is based on
the principle that different types of carbon-containing par-
ticles are converted to gases under different temperature
and oxidation conditions (Chow et al 1993). The different
carbon fractions from TOR are useful for comparison with
methods specific to a single definition of OC and EC.
These specific carbon fractions also help distinguish
among seven carbon fractions reported by TOR: 

(1) The carbon evolved in a helium atmosphere at tem-
peratures between ambient and 120°C (OC1).

(2) The carbon evolved in a helium atmosphere at tem-
peratures between 120°C and 250°C (OC2).

(3) The carbon evolved in a helium atmosphere at tem-
peratures between 250°C and 450°C (OC3).

(4) The carbon evolved in a helium atmosphere
between 450°C and 550°C (OC4).

(5) The carbon evolved in an oxidizing atmosphere at
550°C (EC1).

(6) The carbon evolved in an oxidizing atmosphere
between 550°C and 700°C (EC2).

(7) The carbon evolved in an oxidizing atmosphere
between 700°C and 800°C (EC3).

The thermal system was a quartz tube placed inside a
coiled heater. Current through the heater was controlled to
attain and maintain preset temperatures. A punch of
0.5 cm2 from a quartz filter was placed in the heating zone
and heated to different temperatures under nonoxidizing
and oxidizing atmospheres. The optical system included a
He-Ne laser, a fiberoptic transmitter and receiver, and a
photocell. The filter deposit faced a quartz light tube so
that the intensity of the reflected laser beam could be mon-
itored throughout the analysis.

As the temperature increased from ambient (~25°C) to
550°C, organic compounds were volatilized from the filter
in a nonoxidizing (He) atmosphere so EC was not oxidized.
When oxygen was added to the helium at temperatures
greater than 550°C, the EC burned and entered the sample
stream. The evolved gases passed through an oxidizing
bed of heated manganese dioxide where they were oxi-
dized to CO2. They then passed across a heated nickel cat-
alyst, which reduced the CO2 to methane (CH4). The CH4
was then quantified with a FID.

We monitored the reflected laser light continuously
throughout the analysis cycle. The negative change in
reflectance was proportional to the degree of pyrolytic
conversion from OC to EC, which took place during OC
analysis. After oxygen was introduced, the reflectance rap-
idly increased as the light-absorbing carbon burned off the
filter. Carbon measured after the reflectance attained the
value it had at the beginning of the analysis cycle was clas-
sified as EC. This adjustment for pyrolysis in the analysis
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was significant, as high as 25% of OC or EC, and it cannot
be ignored.

The system was calibrated by analyzing samples of
known amounts of CH4, CO2, and potassium hydrogen
phthalate (KHP). The FID response was compared to a CH4
reference level, which was injected at the end of each
sample analysis. Performance tests of the instrument cali-
bration were conducted at the beginning and end of each
day’s operation. Intervening samples were reanalyzed for
calibration changes of more than 10% deviation.

Known amounts of American Chemical Society certified
reagent grade crystal sucrose and KHP were committed to
TOR to verify the OC fractions. Fifteen different standards
were used for each calibration. Widely accepted primary
standards for EC and/or OC were not available.

Tenax Analysis

The Tenax samples were prepared by thermal desorp-
tion-cryogenic concentration, using the Chrompack
thermal desorption-cold trap injection unit (Chrompack
International BV), and were analyzed by high-resolution
GC and Fourier transform infrared detection (IRD)–MS
(Hewlett Packard models 5890II GC, 5965 IRD, and 5970
MS). Samples were desorbed at 320°C for 8 minutes, cryo-
genically preconcentrated at −190°C on 30 cm deactivated
silica capillary tubing (0.52 mm ID), and packed with a
small amount of glass wool followed by secondary desorp-
tion at 280°C for 2 minutes. The target volatile organic
compounds were then separated using a 60 m × 0.32 mm
DB-1 capillary column (J&W Scientific). The temperature
program for the samples consisted of 30°C for 2 minutes,
then increased by 6°C/min to 280°C. The temperature was
held at 280°C for 10 minutes. Before analysis, each sample
was spiked with 1 ml of an internal standard, 1-fluo-
ronaphthalene, then flushed with ultra high purity helium
for 2 minutes.

A complex mixture of approximately 100 hydrocarbons
was spiked onto Tenax tubes to calibrate the instrument.
The same thermal desorption-cryogenic preconcentration
method used for the samples was used for calibration. Any
loss in the injections system was included in the calibra-
tion. Compounds not in the calibration mixture were
quantified by the most structurally matched compound. 

PAH Analysis

Extraction of Filter/PUF/XAD/PUF Cartridges Prior to
extraction, the following deuterated internal standards
were added to each filter-sorbent pair: naphthalene-d8,
acenaphthylene-d8, phenanthrene-d10, anthracene-d10,
chrysene-d12,  pyrene-d10, benz[a]anthracene-d12,
benzo[a]pyrene-d12, benzo[e]pyrene-d12, benzo[k]fluoran-
thene-d12, benzo[g,h,i]perylene-d12, and coronene-d12.

Since PUF should not be extracted with CH2Cl2, the PUF
pl ug s  w e re  So xh le t  ex t ra c te d sep ar a te ly  w i th
hexane/diethyl ether (9:1), and the filter-XAD pairs were
microwave extracted with CH2Cl2; these extraction
methods reportedly yield high PAH recovery (Chuang et al
1990; Zielinska et al 1998).

The extracts were then concentrated by rotary evapora-
tion at 20°C under gentle vacuum to ~1 ml and filtered
through 0.45 mm Acrodiscs (Gelman Scientific), rinsing
the sample flask twice with 1 ml CH2Cl2 each time.
Approximately 100 µL of acetonitrile was added to the
sample and CH2Cl2 was evaporated under a gentle stream
of nitrogen to a final volume of 1 mL. This procedure has
been tested by Atkinson and coworkers (1988).

GC Analysis for PAHs The electron impact GC/MS tech-
nique was used to analyze samples for PAHs. The GC
(Varian Star 3400CX) was equipped with an automatic
sampler (model 8200CX) and interfaced to an ion trap
(Varian Saturn 2000) for these analyses. Samples (1 µL)
were injected in the splitless mode onto a 30-m capillary
column (CP-SIL8, Chrompack) with a 0.25 mm ID and
0.25-µm film thickness. The injector was kept isothermal
at 320°C. The column temperature program was as follows:
held at 65°C for 2 minutes, ramped at 12°C/min to 180°C,
ramped at 8°C/min to 320°C, and then held isothermal at
320°C for 5 minutes. MS with selective ion storage (SIS)
was used to minimize sample background and increase
sensitivity of analyte detection.

Calibration curves for the GC/MS quantification were
made for the most abundant and characteristic ion peaks of
PAH compounds using the deuterated species most closely
matched in volatility and retention characteristics as
internal standards. Calibration solutions were made with
authentic PAH standards (purchased from Aldrich), NIST
standard reference material (SRM) 1647 (certified PAHs),
and deuterated internal standards.

A three-level calibration was performed for each com-
pound of interest and the calibration check (using median
calibration standards) was run every 10 samples. If the rel-
ative accuracy of measurement (defined as a percentage
difference from the standard value) was less than 20%, the
instrument was recalibrated.

EMISSION RATES

Determining Emission Rates

Emission rates for both organic and inorganic com-
pounds were determined using similar methods. The ana-
lyzed compound concentrations at the tunnel outlet were
subtracted from those at the tunnel inlet. The difference
was multiplied by the tunnel air flow to calculate the mass
emitted during the run. This value was divided by the total
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vehicle miles during the run to obtain the fleet mean emis-
sion rate. For species with near-zero emission rates and/or
concentrations at or near the analytic detection limit, neg-
ative emission rates can result from this calculation. Since
negative emissions are not possible, these values were
removed from the analysis. One third of the speciated
emission factors (2,084 data points) were removed because
the methods could not adequately detect the compounds.
The run-by-run emission rates were regressed against the
fraction of HD and the fraction of LD vehicles to provide
estimates of the HD and LD emission rates. Occasionally a
regressed emission rate was negative. This is a result of the
regression calculation; negative emission rates determined
this way can be considered to be essentially nondetectable
(Sagebiel et al 1996).

One goal was to provide an uncertainty estimate for the
emission rates. A fractional uncertainty estimate based
upon the regression statistics was equal to the standard
error in the y-estimate divided by the mean; this fractional

error in the y-estimate was then multiplied by the
regressed values to obtain the uncertainties. The full set of
run-by-run data along with the results of the regression
analysis is presented in Appendix B. Also included are the
names and mnemonics used for the various species.

Speciated Inorganic Emission Rates

The LD and HD emission factors of inorganic species,
collected with IMPROVE samplers, are presented in Table
5 and Figure 10). (See Appendix B for run-by-run emission
rates.) The highest components in Figure 10 are the emis-
sion of hydrogen (by PESA), which is due to the organic
hydrocarbons, and the emissions of manganese and iron
(both by x-ray fluorescence). The crustal species, alu-
minum, silicon and calcium, all show emission rates nearly
the same for HD and LD vehicles, which suggests that they
may have a source other than exhaust. Pierson and
Brachaczek (1983) reported emissions of various elements
measured in 1977 at the Tuscarora Mountain Tunnel. In that

Table 5. Emission Factors from LD and HD Vehicles of Key Species from IMPROVE Samplers Along with 
Regression Uncertainty

Species
LD Emissions ± SE

(µg/mi)
HD Emissions ± SE

(µg/mi)

Hydrogen  2,090.38 ± 1079.05 9,367.45 ± 4,835.43
Sodium 3,834.55 ± 337.84 −660.72 ± −58.21
Magnesium  467.31 ± 285.34 819.71 ± 500.52

Aluminum  875.11 ± 650.56 −124.71 ± −92.71
Silicon   1,188.34 ± 1,197.10 1,407.12 ± 1,417.49
Sulfur   1,881.85 ± 1,067.94 430.14 ± 244.10

Chlorine  899.05 ± 791.57 3,782.46 ± 3,330.27
Potassium   443.17 ± 593.33 834.52 ± 1,117.27
Calcium   449.83 ± 258.28 1,127.95 ± 647.65

Titanium  83.29 ± 36.31 402.00 ± 175.23
Vanadium   11.99 ± 8.53 14.23 ± 10.13
Manganese   644.04 ± 200.52 4,454.68 ± 1,386.93

Iron   335.06 ± 145.40 3,194.28 ± 1,386.13
Copper   23.70 ± 29.56 141.62 ± 176.63
Zinc by XRF  73.23 ± 49.07 219.86 ± 147.34

Mercury   2.75 ± 0.72 18.03 ± 4.71
Lead   17.74 ± 12.28 59.75 ± 41.37
Selenium   17.72 ± 9.44 −78.12 ± −41.60

Bromine   −1.22 ± −1.08 25.51 ± 22.60
Strontium   −3.13 ± −1.05 60.79 ± 20.48

NH3 55.13a ± 29.21a 42.62a ± 22.58a

EC 5.32a ± 1.91a 296.17a ± 106.47a

OC 4.55a ± 1.75a 179.84a ± 69.13a

a Measured in mg/mi.
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study, diesels emitted approximately 75 mg/mi of
hydrogen, compared to just about 7 mg/mi in this study. If
we assume the hydrogen comes from hydrocarbons, a sig-
nificant reduction in the emissions of hydrocarbons
appears to have occurred between 1977 and 1999. The
manganese emissions in 1977 were only 540 µg/mi, com-
pared to the value of approximately 4,500 µg/mi in the cur-
rent s tudy. Iron was  8 ,000 µg/mi in  1977 and is
approximately 2,500 µg/mi in the current study.

Semivolatile Organics (Tenax) Emission Rates

Emission rates of the semivolatile compounds (Tenax)
are discussed and compared to previous data in Appendix
B. For a selected subset of these compounds, Table 6 shows
the regressed values for the HD and LD emission rates
(± SE). Figure 11 shows the distribution of the emissions
from the LD and HD vehicles. The horizontal axis shows
the compound number (see Table 6). The first compound is
ethylbenzene and the last is n-eicosane. The most promi-
nent feature of this graph is the large difference in emis-
sion rates between the LD and HD for some key species.
Among these are the heavier normal alkanes, from decane
(number 35) on up through undecane (number 62), dode-
cane (number 83), tridecane (number 87), tetradecane
(number 93) and pentadecane (number 101). This finding
is similar to earlier work at the Tuscarora Tunnel in 1992
(Sagebiel et al 1996). The key difference here is that the
emission rates are much lower overall compared to 1992
and that the difference between the LD and HD emission
rates is less than it was in 1992. 

The second compound, m+p-xylene, is notable in that
the LD emissions are much higher than the HD emissions.
This contrasts with 1992 where the two vehicle types had
nearly the same emission rate. These data suggest that the
HD vehicles became cleaner faster than did the LD vehi-
cles. In general, only the semivolatile compounds with
more than nine carbons are able to undergo photochemical
transformations resulting in particle formation. Therefore,
the emissions measured in this study should have a lower
potential to form particles than those measured in 1992. 

PAH Emission Rates

The emissions of PAHs are presented in Figure 12 for
the LD and HD vehicles separated. A subset of the species
analyzed are presented in Table 7 with the regressed
values (± SE) for LD and HD vehicles. The emission fac-
tors are presented in micrograms per mile because these
compounds are emitted in relatively low amounts. A few
of the lighter molecular weight compounds such as naph-
thalene (number 1) and the methylnaphthalenes (numbers
2 and 3) show significantly higher emission factors from
the HD vehicles. The other peak is compound number 7,
the sum of three dimethylnaphthalene isomers. For the

Figure 10. Emission of elements from HD and LD vehicles. Missing data
points were below minimum detection level.

Figure 12. Emission factors for PAHs from LD and HD vehicles.  See Table
7 for compounds.

Figure 11. Emission factors of semivolatile hydrocarbons from LD and
HD vehicles.  See Table 6 for compounds.
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Table 6. Emission Factors from LD and HD Vehicles of Key Species from Tenax Samplers Along with 
Regression Uncertainty 

Compound Name Number
LD Emissions ± SE

(mg/mi)
HD Emissions ± SE

(mg/mi)

Ethylbenzene 1 1.903 ± 0.670 0.756 ± 0.266
m+p-xylene 2 8.871 ± 2.977 3.191 ± 1.071
2-methyloctane 4 0.236 ± 0.126 0.171 ± 0.091
3-methyloctane 6 0.419 ± 0.107 0.746 ± 0.190

Styrene 7 1.446 ± 0.687 0.820 ± 0.389
o-xylene 9 3.189 ± 1.056 1.176 ± 0.389
Nonane 11 0.302 ± 0.159 1.693 ± 0.893
Dimethyloctane 17 0.106 ± 0.023 0.808 ± 0.179

m-ethyltoluene 20 1.901 ± 0.633 0.881 ± 0.293
p-ethyltoluene 21 0.819 ± 0.274 0.422 ± 0.141
1,3,5-trimethylbenzene 22 1.233 ± 0.363 0.667 ± 0.196
o-ethyltoluene 24 0.718 ± 0.199 0.444 ± 0.123

t-butylbenzene 28 0.035 ± 0.024 0.003 ± 0.002
1,2,4-trimethylbenzene 30 3.506 ± 1.016 1.992 ± 0.577
Isobutylbenzene 34 0.208 ± 0.052 0.275 ± 0.069
Decane 35 0.511 ± 0.149 2.998 ± 0.872

1,2,3-trimethylbenzene 37 0.774 ± 0.189 0.714 ± 0.174
Indan 41 0.231 ± 0.103 0.160 ± 0.071
Indene 43 0.082 ± 0.028 0.172 ± 0.059
o-isopropyltoluene 44 0.009 ± 0.008 0.023 ± 0.020

1,3-diethylbenzene 46 0.165 ± 0.046 0.188 ± 0.052
Butylbenzene 50 0.150 ± 0.041 0.217 ± 0.060
1,2-diethylbenzene 52 − 0.002 ± − 0.002 0.129 ± 0.113
2-n-propyltoluene 54 0.130 ± 0.024 0.301 ± 0.056

Undecane 62 0.579 ± 0.138 4.269 ± 1.020
5-isopropyl-m-xylene 63 0.015 ± 0.003 0.120 ± 0.026
1,2,4,5-tetramethylbenzene 64 0.252 ± 0.054 0.296 ± 0.063
1,2,3,5-tetramethylbenzene 65 0.387 ± 0.085 0.452 ± 0.099

1,2,3,4-tetramethylbenzene 69 0.120 ± 0.019 0.382 ± 0.061
1,2,3,4-tetrahydronaphthalene 72 0.039 ± 0.027 0.207 ± 0.145
Naphthalene 75 1.410 ± 0.278 2.017 ± 0.398
Dodecane 83 0.317 ± 0.070 3.834 ± 0.847

2-methylnaphthalene 85 0.746 ± 0.123 2.389 ± 0.393
1-methylnaphthalene 86 0.370 ± 0.057 1.344 ± 0.205
Tridecane 87 0.236 ± 0.045 3.615 ± 0.683
Biphenyl 90 0.042 ± 0.008 0.303 ± 0.057

1+2-ethylnaphthalene 91 0.084 ± 0.014 0.503 ± 0.086
Tetradecane 93 0.218 ± 0.046 3.454 ± 0.728
Acenaphthylene 97 0.120 ± 0.048 0.265 ± 0.106
1,2-dimethylnaphthalene 99 0.024 ± 0.006 0.256 ± 0.064

Acenaphthene 100 0.027 ± 0.049 0.017 ± 0.031
Pentadecane 101 0.499 ± 0.192 2.526 ± 0.972
Fluorene 103 0.035 ± 0.043 0.072 ± 0.090
Hexadecane 104 0.207 ± 0.054 2.352 ± 0.610
Heptadecane 105 0.153 ± 0.054 1.292 ± 0.459

Phenanthrene 106 0.698 ± 0.333 0.558 ± 0.267
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Table 7. Emission Factors from LD and HD Vehicles of Key Species from PAH Samples Along with 
Regression Uncertainty

Compound Name Number
LD Emissions ± SE

(µg/mi)
HD Emissions ± SE

(µg/mi)

Naphthalene 1 590.32 ± 1,438.57 4,038.05 ± 9,840.44
2-methylnaphthalene 2 1,144.90 ± 808.00 1,816.00 ± 1,281.62
1-methylnaphthalene 3 945.26 ± 953.35 2,010.62 ± 2,027.83
Biphenyl 4 33.89 ± 164.00 486.60 ± 2,354.94

1+2-ethylnaphthalene 5 –0.16 ± 232.77 759.36 ± 3,037.44
1,2-dimethylnaphthalene 9 11.09 ± 107.06 309.24 ± 2,986.26
2-Methylbiphenyl 10 66.40 ± 223.37 204.31 ± 687.30
Bibenzyl 13 –1.50 ± 131.42 272.04 ± 23,785.21

A-trimethylnaphthalene 14 100.45 ± 225.68 892.61 ± 2,005.41
2,4,5-trimethylnaphthalene 22 4.82 ± 69.85 147.38 ± 2,137.38
1,4,5-trimethylnaphthalene 24 –58.77 ± 317.39 330.48 ± 1,784.86
1,2,8-trimethylnaphthalene 25 –3.81 ± 62.04 83.19 ± 1,355.65

Acenaphtylene 26 2.31 ± 377.54 545.96 ± 89,155.38
Acenaphthene 27 18.41 ± 91.52 216.73 ± 1,077.67
Fluorene 28 –5.83 ± 286.68 499.91 ± 24,579.06
Phenanthrene 29 –9.78 ± 120.88 721.71 ± 8,919.75

1-methylfluorene 31 –20.92 ± 147.84 319.60 ± 2,258.80
9-fluorenone 34 3.42 ± 137.09 211.09 ± 8,457.28
Xanthone 35 –10.63 ± 71.07 136.47 ± 912.67
Acenaphthenequinone 36 –10.94 ± 81.62 118.90 ± 887.13

2-methylphenanthrene 38 40.62 ± 53.78 210.87 ± 279.19
1-methylphenanthrene 40 –25.36 ± 140.36 222.08 ± 1,228.89
3,6-dimethylphenanthrene 41 –11.31 ± 73.98 88.75 ± 580.33
C-dimethylphenanthrene 43 25.46 ± 22.18 110.24 ± 96.06

1,7-dimethylphenanthrene 44 11.78 ± 22.88 51.32 ± 99.63
Anthracene 47 20.66 ± 111.04 97.51 ± 524.01
9-methylanthracene 48 –19.07 ± 79.46 72.84 ± 303.55
Fluoranthene 49 2.60 ± 31.34 56.54 ± 682.55

Pyrene 50 –4.31 ± 34.42 65.47 ± 522.52
9-Anthraaldehyde 51 32.84 ± 46.94 52.68 ± 75.30
Retene 52 –16.10 ± 36.06 72.06 ± 161.43
Benzonaphthothiophene 53 –2.78 ± 16.59 15.18 ± 90.70

4-methylpyrene 58 –23.99 ± 78.84 80.03 ± 262.99
1-methylpyrene 59 –23.84 ± 72.54 85.77 ± 260.98
Benzo(c)phenanthrene 60 –6.80 ± 29.84 28.46 ± 124.93
Benz(a)anthracene 61 3.49 ± 8.06 2.01 ± 4.65

7-methylbenz(a)anthracene 62 –7.98 ± 33.46 33.29 ± 139.60
Chrysene 63 3.91 ± 11.54 1.05 ± 3.10
Benz(a)anthracene-7,12-dione 64 –16.28 ± 55.62 65.77 ± 224.63
5+6-methylchrysene 65 –12.20 ± 54.21 55.00 ± 244.39

Benzo(b+j+k)fluoranthene 66 1.39 ± 11.08 7.16 ± 57.20
7-methylbenzo(a)pyrene 67 4.79 ± 14.51 8.54 ± 25.90
Benzo(e)pyrene 68 2.27 ± 6.07 0.61 ± 1.63
Perylene 69 2.34 ± 12.44 14.30 ± 76.04

Benzo(a)pyrene 70 10.51 ± 22.04 9.94 ± 20.85
Indeno[123-cd]pyrene 71 1.49 ± 3.45 –0.08 ± 0.19
Benzo(ghi)perylene 72 0.34 ± 6.73 4.70 ± 92.29
Coronene 75 –10.75 ± 51.08 44.84 ± 213.13
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most of the remaining PAH compounds, the emission fac-
tors are not significantly different considering the uncer-
tainties in the values.

This profile of emissions of PAHs is similar to that seen
in other work (eg, Zielinksa et al 1998) in which the pre-
dominantly gas-phase compounds are higher in HD vehi-
cles. Gas phase compounds are often operationally defined
as those lighter than phenanthrene (number 29). The par-
ticle-phase compounds are very low in both LD and HD
vehicles and were very low in the tunnel air in this study.
Many times the PAHs were at or near the detection limit in
both the inlet and outlet samples, which resulted in zero
emission factors. 

While some species were emitted in lower amounts in
this experiment than in 1992, the two methods (Tenax and
PAHs) yielded substantially similar results. Table 8 shows
the emission factors for seven compounds that were
detected by both analytic methods during this experiment
and were measured in 1992. While levels of the lighter com-
pounds differed somewhat, both were substantially lower
than the emission factors observed in 1992 for the HD vehi-
cles. For the LD vehicles, the differences in the two methods
used in the present study was greater, and the emissions
observed in the current study were closer to 1992. However,
this table does not explain the uncertainties that caused
much of the differences between the two methods. These
data support the argument that diesel vehicles have gotten
cleaner at a greater rate than gasoline vehicles have.

PM2.5 EMISSION PROFILES

Chemical profiles required to assess the impact of mobile
source emissions on ambient PM are usually measured as

the weight fraction format (derived by dividing the mass of
a given species by the total mass) because this value is
required for input into the chemical mass balance (CMB)
receptor model (Watson et al 1990). The CMB is one of the
most common methods of estimating source attribution for
ambient PM. Comparing the relative amounts of measured
key species in source profiles can provide insight into the
differences and similarities between data sets. Significant
changes in the chemical composition of mobile sources
could affect the source attribution estimates if profiles were
used that do not adequately reflect the current emission
characteristics of the mobile source fleet.

A recent study by Gillies and Gertler (2000) examined
several mobile source emission profile databases (EPA
SPECIATE, DRI source profile library, Northern Front
Range Air Quality Study, and the College of Engineering at
the Center for Environmental Research and Technology
[CE-CERT], University of California Riverside). They noted
that the chemical speciation, quantified by the mass frac-
tion of each measured species, varied considerably among
supposedly similar sources. They observed a wide range of
mean EC/OC ratios (0.60 ± 0.53 to 1.42 ± 2.99) for LD gas-
oline vehicles, indicating significant EC emissions from
LD gasoline vehicles in some cases. For diesel vehicles,
mean EC/OC ratios were 1.09 ± 2.66 to 3.54 ± 3.07. That
different populations of the same class of emitters can
show considerable variability in chemical composition
suggests that researchers must be cautious when selecting
and using profiles in source apportionment studies. This
study also raises doubts regarding the use of emissions
measurements from individual vehicles to develop source
profiles. Further, given the variability in the EC/OC ratio
and the EC mass fraction, use of these parameters as tracers
for diesel particulate emissions is questionable.

Table 8. Comparison of Emission Factors Determined for LD and HD Vehicles for Compounds Common to Two 
Analytic Methods and Measured in 1992

LD Emissions
(mg/mi)

HD Emissions
(mg/mi)

Compounds Tenax PAH 1992 Dataa Tenax PAH 1992 Dataa

Naphthalene 1.41 0.59 3.61 2.02 4.04 10.35
2-methylnaphthalene 0.75 1.14 1.40 2.39 1.82 13.26
1-methylnaphthalene 0.37 0.95 0.79 1.34 2.01 6.00

Biphenyl 0.08 0.03 0.13 0.31 0.49 1.85
Ethylnaphthalene 0.04 0.00 0.09 0.50 0.76 2.36
Acenapthalene 0.03 0.00 0.07 0.26 0.55 1.21
Phenanthrene 0.70 0.00 0.16 0.56 0.72 1.73

a Data from Sagebiel and colleagues 1996.
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This section presents the mass fraction PM2.5 profiles
developed from the emission rate data presented in chem-
ically speciated emission rates. Profiles were computed for
the inorganic species and the PAHs components of the OC
fraction. Watson and colleagues (1998) and Fujita and
associates (1998) demonstrated that detailed OC com-
pound chemical speciation can be used to apportion
ambient PM to mobile source categories (for example, hot-
stabilized, cold-start, and high-emitter LD gasoline vehi-
cles and HD diesel vehicles). We compared the Tuscarora
profiles with a selection of recent source profiles devel-
oped from the Sepulveda 1996 Tunnel study (Gillies et al
2001) and from three recent dynamometer studies (Cadle
et al 1997; Graboski et al 1998; Norbeck et al 1998).

TUSCARORA PM2.5 PROFILES

The mass fraction PM2.5 profiles were developed from
data derived from the regression analysis that produced
emission factor estimates for the total (PM mass emission
rates) and speciated PM2.5 emission factors (chemically
speciated emission rates). To produce mass fraction values
for each of the measured species of HD and LD fractions, the
regression-derived emission factor for each species was
divided by the sum of HD or LD regression-derived species
using the RMCA2 reconstruction described previously.

LD Vehicle Mass Fraction Profile

The mass fraction profile for LD vehicles generated from
the total and speciated emission factor data is shown in
Figure 13. Normalized chemical profiles (sum of the iden-
tified weight fractions = 1) are presented in Table 9. The
carbon component, as expected, dominates the contribu-
tion to the total mass, but the relative amounts of EC and
OC are roughly equivalent. By convention, OC is thought
to contribute more than EC in LD gasoline vehicles. In the
Tuscarora data, the EC mass fraction is 0.31 ± 0.21 and the
OC is 0.26 ± 0.19 (TOR-derived). There is considerable

uncertainty on these values, however. Comparing the
TOR-derived values (EC and OC), they are essentially equal
within the estimated uncertainty (standard error). The
EC/OC ratio is 1.17 ± 0.29. Other species contribute rela-
tively small amounts to the total, except for sodium. The
sodium value is misleading because it was quite high and
based upon an emission factor estimate from only three valid
data points. The sodium value was not used in the total spe-
cies emission factor calculations. The other inorganic spe-
cies in the profile (Mg, Al, Si, S, Cl, K, Ca, Ti, Va, Mn, Fe, Cu,
Zn, and Pb) are typical for mobile source profiles.

HD Vehicle Mass Fraction Profile

The mass fraction profile for HD vehicles generated
from the total and speciated emission factors is shown in
Figure 14 and the normalized profile is contained in Table
9. The total mass for the HD profile is also dominated by
the carbon fraction. The total carbon mass fraction based
on the combined TOR-derived EC and OC values is 0.97 ±
0.69. The uncertainty on the total carbon is the root mean

Table 9. Normalized Chemical Profiles for LD and HD 
PM2.5 Emissions Using Total Reconstructed Mass 
Emission Using TOR Measure of OC for Normalization

Mass Fraction

Species LD PM2.5 ± SEa HD PM2.5 ± SEa

NH4 0.00335 ± 0.00341 0.00006 ± 0.00008
NH3 0.00317 ± 0.00322 0.00006 ± 0.00008
EC 0.30567 ± 0.21125 0.60845 ± 0.58400
OC2 0.26136 ± 0.19313 0.36947 ± 0.37917

Magnesium 0.02683 ± 0.03150 0.00106 ± 0.00173
Aluminum 0.05025 ± 0.07181
Silicon 0.06823 ± 0.13214 0.00182 ± 0.00489
Sulfur 0.10805 ± 0.11788 0.00056 ± 0.00084

Chlorine 0.05162 ± 0.08737 0.00489 ± 0.01149
Potassium 0.02545 ± 0.06549 0.00108 ± 0.00385
Calcium 0.02583 ± 0.02851 0.00146 ± 0.00223
Titanium 0.00478 ± 0.00401 0.00052 ± 0.00060

Vanadium 0.00069 ± 0.00094 0.00002 ± 0.00003
Manganese 0.03698 ± 0.02213 0.00576 ± 0.00478
Iron 0.01924 ± 0.01605 0.00413 ± 0.00478
Nickel 0.00075 0.00000

Copper 0.00136 ± 0.00326 0.00018 ± 0.00061
Zinc 0.00420 ± 0.00542 0.00028 ± 0.00051
Mercury 0.00016 ± 0.00008 0.00002 ± 0.00002
Lead 0.00102 ± 0.00136 0.00008 ± 0.00014

Selenium 0.00102 ± 0.00104
Bromine 0.00003 ± 0.00008
Strontium 0.00008 ± 0.00007

a Normalized standard error. 

Figure 13. Mass fraction profiles of PM2.5 from LD vehicles based on
reconstructed mass using OC (TOR derived).
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square of the combined EC and OC standard errors. In the
Tuscarora Tunnel HD profile, the EC mass fraction is 0.61
± 0.58 and the OC2 is 0.37 ± 0.38. Using the TOR-derived
carbon data, the EC/OC ratio is 1.65 ± 0.70, supporting
the conventional thought that EC contributions are
greater than OC in HD diesel emissions. The associated
uncertainties on the EC and OC mass fractions remain
quite high, however.

Other species observed in the HD profile are typical of
earth materials and most likely represent contributions
from road dust. One element that has been identified with
diesel emissions, barium (Truex et al 1980), was not
detected in the Tuscarora samples.

Particulate PAH Profiles

Recently, researchers have recognized subgroups of LD
vehicles (for example, high-emitters and smokers) that are
not equally important in contributing to ambient particu-
late levels as inferred from remote sensing data and dyna-
mometer-derived emission factors (Cadle et al 1997;
Sagebiel et al 1997; Walsh 1998). Chemical speciation of
the OC fraction, and specifically the PAH component, have
identified that specific groups of these species are associ-
ated with different emitter types. Although PAHs comprise
no more than a few percent of particulate OC, their relative
abundances have proven to be useful for distinguishing
between emissions from HD diesels and LD gasoline vehi-
cles in the classifications of hot stabilized operation, cold
starts, and high particle emitters.

The PAH emission factors for the Tuscarora Tunnel are
presented in the chemically speciated emission factors.
Based on these derived emission factors and on the total
LD and HD emission factors presented in PM mass emis-
sion rates, PM2.5 PAH source profiles were calculated sim-
ilarly to the inorganic profiles.

The mass fractions of PAH species for the LD and HD
source profiles are shown in Figure 15. Due to the high
uncertainties of most of the PAH measurements beyond
anthracene (identifier = anthra), mass fraction values
should be viewed cautiously. Comparison of the mass frac-
tion values for the LD and HD source profiles identified
some degree of correlation between the relative amount of
PAH species between the two (Figure 16). The comparable
PAH components in the LD profile were systematically
higher than those in the HD profile (Figure 16).

COMPARISON OF TUSCARORA PROFILES WITH 
OTHER STUDIES

A speciated PM2.5 inorganic profile developed from
sampling in the Sepulveda Tunnel (Gillies et al 2001) com-
pared with the Tuscarora LD profile data shows some dis-
tinct differences between the two (Figure 17). The EC, OC,

Figure 14. Mass fraction profiles of PM2.5 from HD vehicles based on
reconstructed mass using OC (TOR derived).

Figure 15. Gravimetric profiles of mass fractions of particulate PAH
from LD and HD vehicles.

Figure 16. Mass fractions of LD and HD vehicle PAH particles. LD PAH
mass fraction calculated by multiplying 1.670 times the HD PAH mass
fraction and adding 1E-04. 
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ionic species (NH3
+, SO4

2−, and NH4
+), and iron com-

prised a larger component of the mass fraction in the
Sepulveda Tunnel profile. A similar pattern is observed for
the Tuscarora HD profile compared with the Sepulveda
profile (Figure 18), except that the EC and OC fractions are
greater for Tuscarora than for Sepulveda fractions, even
considering the uncertainties in the Tuscarora data. This
most likely reflects the small fraction of HD vehicles
(2.6%) that contributed to the PM2.5 in the Sepulveda
Tunnel. The elements associated with earth materials (Mg,
Si, Ca, Ti, Mn) excepting iron comprise a greater propor-
tion of the total in Tuscarora. The higher iron in the
Sepulveda Tunnel may indicate vehicle wear, especially
brake material, due to a stoplight near the tunnel that
forces vehicles to decelerate in the tunnel.  In the

Sepulveda Tunnel barium was present in measurable
amounts even though HD vehicles were relatively minor
contributors to the total emissions.

Three recent dynamometer studies (Norbeck et al 1998;
Cadle et al 1997; Graboski et al 1998) contributed speci-
ated emission factor data to speciated PM2.5 profiles for
both the EC and OC produced by Gillies and Gertler
(2000) and Fujita and associates (1998). Gillies and
Gertler (2000) analyzed the Norbeck and coworkers (1998)
data and Fujita and associates (1998) the Cadle and asso-
ciates (1998) and Graboski and colleagues (1998) data.
Their profiles for a hot-stabilized LD gasoline vehicle are
compared with the Tuscarora LD profile for the inorganic
species in Figures 19 and 20. For most elements associ-
ated with earth materials, Tuscarora inorganic LD mass

Figure 17. Species from LD vehicles at the Tuscarora and Sepulveda Tunnels (Gillies et al 2001) source profiles (OC2 = TOR derived).

Figure 18. Species from HD vehicles at the Tuscarora and Sepulveda Tunnels (Gillies et al 2001) PM2.5 source profiles (OC2 = TOR derived).
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fractions were greater than the dynamometer-derived pro-
files. This most likely reflects contributions in the tunnel
from resuspended road dust. The EC mass fractions are
comparable, but the OC mass fraction is significantly
higher in the dynamometer-derived profiles if just the
OC2 is considered. The OC in all these profiles was deter-
mined by TOR analysis.

The Tuscarora HD profile shows slightly more contribu-
tions from road dust, as could be expected (Figure 21). For
the EC and OC components, the contributions are much
higher in the Tuscarora profile than in the HD profile
(NFRAQS, National Front Range Air Quality Study). How-
ever, uncertainty associated with the Tuscarora values is
considerable (Figure 14).

Gillies and Gertler (2000) examined a large number of
individual and composite mobile source profiles and
observed that the EC/OC varied through 4 orders of mag-
nitude for LD gasoline vehicles and through 2 orders of
magnitude for HD vehicles. Expected mean ratios of
EC/OC that characterize LD spark ignition (EC/OC < 1)
and LD diesel and HD diesel (EC/OC > 1) were observed
for dynamometer-derived measurements for the most part,
but not exclusively. Data from Norbeck and coworkers
(1998), also a dynamometer study, showed a mean EC/OC
ratio greater than 1 for the LD gasoline vehicles they
tested. Mean EC/OC values for high and medium emitters
were 1.21 ± 3.48 and 1.74 ± 2.12, respectively (Gillies and
Gertler 2000). This suggests considerable EC emissions

Figure 19. Species from the Tuscarora LD vehicle profile and the LD medium emitter profile (CCLDGM) from Gillies and Gertler (2000). OC2 = TOR
derived.

Figure 20. Species from the Tuscarora LD vehicle profile and the LD hot-stabilized emitter profile (NVNSP2) from Fujita and associates (1998).
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from LD gasoline vehicles in Norbeck and coworkers’
(1998) sample. The relative amount of EC and OC in PM
emissions from gasoline and diesel vehicles in these data
show high variability and considerable overlap in the
values. Thus trying to distinguish gasoline and diesel
contributions on the basis of just EC and OC mass frac-
tions is suspect.

In several recent studies (Fujita et al 1998; Watson et al
1998), the contributions from elements and ions also carried
limited ability to separate mobile sources. That the ions
and elements vary between profiles is not surprising, as
their presence in the emissions is not determined by the
process that creates the majority of the particles, which is
internal combustion. The combustion products of fossil
fuels are predominantly EC and various OC compounds,

while the sources of the elements other than carbon are
wear products from inside the engine as well as trace ele-
ments in the fuels and lubricants. These contributions
probably vary greatly among motor vehicles, however,
making it difficult to characterize emissions based on ele-
mental and ionic signatures.

As mentioned earlier, speciation of the OC contributions
has allowed apportionment of specific types of vehicle
emissions to observed ambient loadings (Fujita et al 1998;
Watson et al 1998). The speciated PAH profiles of Gillies
and Gertler (2000) and Fujita and colleagues (1998) can be
compared with the particulate PAH profiles produced in
this study. Comparison between the Tuscarora LD PAH
profile and the Gillies and Gertler profile representing LD
medium emitters shows relatively good agreement and the
mass fractions track each other through to fluoranthene
(Figure 22). As expected in a roadway tunnel on a
highway, these data suggest that emissions from the LD
fleet represent vehicles running in a hot-stabilized mode.
The same general relation is observed when the Tuscarora
data is compared with a profile of hot-stabilized vehicles
(Fujita et al 1998; Figure 23). However, the profiles diverge
at E-dimethylphenanthrene (see e_dmph in Figure 23),
which can be attributed to high measurement uncertainty
in the Tuscarora data. The Tuscarora LD data do not show
any reasonable agreement with high-emitter and smoker
profiles from Gillies and Gertler (2000) and Fujita and
associates (1998).

The Tuscarora HD PAH profile compared with the HD
profile from Fujita and associates (1998) shows no corre-
lation (Figure 24). Several reasons can be offered for this.
Fujita and associates (1998) developed this profile from
data presented by Graboski and colleagues (1998). Gra-
boski and colleagues (1998) collected samples on a dyna-
mometer during a series of transient driving cycles. This

Figure 21. Species from the Tuscarora HD vehicle profile and the HD vehicle profile (NWHDc) from Fujita and associates (1998).

Figure 22. Particulate PAH species from the Tuscarora  LD vehicle pro-
file and the LD medium emitter profile (CCLDGM) from Gillies and
Gertler (2000).
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mode of driving was absent in vehicles passing through
the Tuscarora Tunnel. In addition, the total emission fac-
tors for the Graboski and colleagues (1998) vehicles, from
which Fujita and associates (1998) developed mass frac-
tion profiles, were 3 to 10 or more times higher than the
estimated HD emission factor for Tuscarora. These
extremely high emission factors generated during tran-
sient driving cycles could reduce the mass fraction of the
PAH components using emission factors with very high
levels of EC, which the diesel vehicles produced (Fujita
et al 1998).

SIZE-SEGREGATED AND CHEMICALLY 
SPECIATED EMISSIONS

SIZE-SEGREGATED SAMPLE COLLECTION

Particle size and composition of mobile source particu-
late emissions is one of the key questions of this study. We
deployed DRUM sizing impactors followed by an after-
filter for the sub-70 nm particles. The impactors were a
Lundgren-type, rotating drum, cascade design (Lundgren
1967) that used a series of single round jets to separate aero-
sols into 8 size ranges based on aerodynamic diameter. The
operating flow rate of 1.1 L/min separated aerosols into sev-
eral size ranges: ~15 to 10 µm; 10 to 5.0 µm; 5.0 to 2.5 µm; 2.5
to 1.1 µm; 1.1 to 0.56 µm; 0.56 to 0.34 µm; 0.34 to 0.24 µm;
and 0.24 to 0.069 µm (Raabe et al 1988). The DRUM stages
were rotated manually prior to beginning each run to allow
size-resolved measurements of the aerosol composition. The
DRUM used greased Mylar (C10H8O4)n as the impaction
substrate, which was analyzed by PIXE to provide measure-
ments of the size-resolved concentration of the elements
sodium through uranium. Previous studies have shown that
applying Apiezon type-L grease to the Mylar strips reduces,
by a factor of 1,000, the incorrect sizing of particles in the
smaller size ranges due to particle bounce-off (Cahill et al
1985). The DRUM impactor has been an integral part of
many field projects, has sampled many different aerosol
types, and has performed admirably under a wide variety of
atmospheric conditions (Cahill et al 1988, 1989, 1992;
Cahill and Wakabayashi 1993; Perry et al 1997).

ANALYTIC METHODS

PIXE has played a central role in atmospheric particle
studies for the past 15 years. Much of this success has
come from development or adaptation of innovative air
sampling instruments that maximize aerosol information
by composition, size, and time at a reasonable cost. How-
ever, another aspect of PIXE’s success has been the use of
complementary accelerator-based techniques to extend
elemental range, calibrate sample thicknesses, and correct
for absorption. Yet, in most cases, these techniques are not
routinely used in conjunction with PIXE, but rather called
to aid in special situations or difficult problems. We pro-
pose that an elastic scattering technique be used concur-
rently with the PIXE analysis on a routine basis.

The US Environmental Protection Agency (EPA) and
the US National Park Service (NPS) have used PIXE as the
primary analytic method for large nonurban particulate
networks since 1979. This endorsement encouraged a
wider use of PIXE-compatible methods to gain yet more
information on samples. Methods were developed to mea-
sure the mass concentration and the coefficient of optical
absorption on every sample, but these methods could not

Figure 23. Particulate PAH species from the Tuscarora LD vehicle pro-
file and the LD hot-stabilized emitter profile (NVNSP2) from Fujita and
associates (1998).

Figure 24. Particulate PAH species from the Tuscarora HD vehicle profile
and the HD profile (NWHDc) from Fujita and associates (1998).
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detect the lightest elements, hydrogen to fluorine, which
are necessary to fully examine particulate composition.
The forward alpha scattering techniques (FAST) detected
these light elements but could be used only on selected
samples. Information on light elements was particularly
great because our remote sites had a significant fraction of
aerosol mass that could be due to natural sources of hydro-
carbons. Measuring particulate hydrogen on every fine air
filter appeared to be one way to gather some information
on the light aerosol component. In this effort, we were
encouraged by the role hydrogen measurements played in
our studies of the arctic haze using mass, FAST, and PIXE.
The hydrogen-free Teflon fine-particle filters in the NPS
network made it possible to measure the hydrogen concen-
tration for particles of aerodynamic diameter below 2.5 µm
using PESA. Starting in June 1984, routine hydrogen mea-
surements were made on all fine filters, concurrently with
the PIXE analyses. Our experience to date shows that
nothing that we have done to extend our PIXE program has
been so simple to achieve but so valuable to our goals in
understanding nonurban aerosols.

For measurement of hydrogen by proton-proton scat-
tering, one must operate with forward scattering, allowing
the beam and scattered particles to pass through the thin
filter. Thus, the key to hydrogen measurements is to position
the proton peak away from the unresolved peak for all
heavier elements, primarily carbon, oxygen and fluorine.
The equivalent blank value for these clean Teflon filters was
10 ng/cm2 hydrogen, yielding detectable limits of aerosol
concentration below 1 ng/m3. Thus, hydrogen immediately
became one of our most sensitive elements. Calibration was
achieved by using a series of weighed thin plastic foils of
Mylar, Kapton (C22H10N2O4)n, polyethylene (CH2)n, and
Kimfoil (effectively C5H4O)n. Mounting these standard foils
required great care since they are easily stretched. Beam-
induced shrinkage required regular foil replacement. Thick-
ness ranged from 220 to 1,700 µg/cm2. Absolute accuracy of
± 3% was achieved in the region below 1,000 µg/cm2, the
mass region encountered for almost all loaded filters. Note,
however, that the hydrogen measurements are made in
vacuum, and thus we expected unbound water and some
other volatiles to leave the filter. 

SIZE-SEGREGATED INORGANIC EMISSION FACTORS

The DRUM samplers were used to determine size-seg-
regated emissions of the inorganic elements. Due to ana-
lytic limitations, a smaller set of elements (many of these
at or near the detection limits) impeded determination of
the emission rates. The afterfilter or backup filter
remained on the DRUM throughout the entire experi-
ment. Analysis of those filters provided an integrated
sample of all the emissions from all vehicles in the tunnel

during the study. The full set of run-by-run data is pre-
sented in Appendix B.

The DRUM has eight stages plus the afterfilter. The first
three stages were not analyzed because they separated the
larger fraction (10 to 2.5 µm), which was not the focus of
this research. The size ranges of the other stages are as
follows:

Figure 25 shows the distribution of emissions on the
DRUM stage 4 (2.5 to 1.15 µm) as the relative emission rate.
The logarithmic vertical scale shows the smaller emissions.
In stage 4, the most prominent element was hydrogen,
which probably indicates hydrocarbons. Typically, silicon
and iron are commonly seen, especially in emissions in
smaller sizes, and silicon is commonly associated with
crustal material.

The next five figures also show DRUM stages, down
through the afterfilter (Figures 26 through 30). In DRUM
stage 5, the predominant elements were hydrogen and
iron. In stages 6 and 7, hydrogen and sulfur dominated. In
stage 8, many elements were at nearly the same relative
amounts (including H, Al, Si and Fe) and sulfur was less
important. The afterfilter, shown in Figure 30, shows that
sulfur was the most abundant element in these very
smallest particles. 

Several elements’ emissions in the five stages of the
DRUM that were analyzed are presented in Figures 31
through 34. This presentation shows the changes among
the stages for a given element. Figure 31 shows the emis-
sions of hydrogen in the five DRUM stages and the after-
filter. In this and similar figures, the afterfilter data are
the same for both LD and HD vehicles because the after-
filter was not changed and thus is the integrated value for
all vehicles. The hydrogen emissions from HD vehicles
were concentrated in stages 5 and 8 as well as the after-
filter (Figure 31). This pattern is not apparent for LD vehi-
cles, but the LD rates were very low and may be near
detection limits. For HD vehicles, sulfur concentrated in
stage 8 and the afterfilter, possibly where sulfate and/or
sulfuric acid condensed into very small particles (Figure
32). The emission of calcium (Figure 33) was somewhat
high in the last DRUM stage and almost nonexistent else-
where. Calcium is normally assumed to be crustal in
origin. Pierson and Brachaczek (1983) reported calcium
emissions at approximately 8 mg/mi from HD and about
one third of that amount for LD vehicles. Emissions of iron

Stage Size Range (µm)
4 2.5 to 1.15
5 1.15 to 0.56
6 0.56 to 0.34
7 0.34 to 0.24
8 0.24 to 0.07
afterfilter < 0.07



30

Real-World Particulate Matter and Gaseous Emissions

Figure 25. Relative emissions for DRUM stage 4 (2.5 to 1.15 µm) for all
runs. The average composition was 0.325 HD.

Figure 28. Relative emissions for DRUM stage 7 (0.34 to 0.24 µm) for all
runs. The average composition was 0.325 HD.

Figure 26. Relative emissions for DRUM stage 5 (1.15 to 0.56 µm) for all
runs. The average composition was 0.325 HD.

Figure 29. Relative emissions for DRUM stage 8 (0.24 to 0.07 µm) for all
runs. The average composition was 0.325 HD.

Figure 27. Relative emissions for DRUM stage 6 (0.56 to 0.34 µm) for all
runs. The average composition was 0.325 HD.

Figure 30. Relative emissions for DRUM afterfilter (< 0.07 µm) for all
runs. The average composition was 0.325 HD.
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(Figure 34) differed greatly between the HD and LD fleet,
and from the HD, a bimodal distribution peaked at stages 5
and 8. This pattern is similar to emissions of hydrogen and
suggests that the mechanism for formation of these parti-
cles may be similar. 

PARTICLE SIZE DISTRIBUTION MEASUREMENTS

One of our initial aims was to confirm the laboratory
results of Baumgard and Johnson (1996) and to determine,
in a real-world situation, whether diesel vehicles emit
large numbers of ultrafine particles. This section describes
the methods and results of our particle number distribu-
tion measurements.

DESCRIPTION OF SMPS INSTRUMENT

Particle number distribution measurements were made
using a scanning mobility particle sizer (SMPS) (Wang and
Flagan 1990). The purposes of the SMPS measurements
were as follows: to measure size distributions of the
ambient background aerosol; to measure the size distribu-
tions of the aerosol at the tunnel inlet; and to measure the
size distributions of diluted fresh exhaust from diesel-
dominated and spark-ignition dominated fleets at the
outlet of the tunnel.

The SMPS instrument requires line power but was
physically set up in a mobile van. This arrangement
allowed the instrument to be used in three locations where
line power was available:

• at the west end of the tunnel, on the service road 
directly over the eastbound lanes;

• at the west end of the tunnel, on the median area 
between the eastbound and westbound lanes; and

• at the east end of the tunnel, very close to the edge of 
the right eastbound lane.

Figure 32. Emissions of sulfur in various DRUM stages and on the
afterfilter.

Figure 33. Emission factors for calcium in various DRUM stages and on
the afterfilter.

Figure 34. Emission factor for iron in various DRUM stages and on the
afterfilter.

Figure 31. Emissions of hydrogen in various DRUM stages and on the
afterfilter.
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The SMPS utilizes an electrostatic classifier (TSI, St
Paul MN) to bin the particles according to electrical
mobility. The unit effectively operates on the size axis of
0.01 to 0.5 µm mobility-equivalent diameter. Once the
particles are size-binned by the classifier, they are
counted by the second component of the SMPS, which is
a condensation particle counter (CPC) (TSI). The CPC
counts particles by optically detecting butanol droplets
grown on them in a high supersaturation process. The size
distribution scans in this study were conducted at either
60-second or 90-second scans.

DRI’s SMPS is conventional in all respects except for the
interfacing aerosol connections. Components of the DRI
SMPS are summarized in Appendix D. Because the 85Kr
neutralizer was too old, we connected an external neutral-
izer to the SMPS inlet. This unit contained 3.0 mCi 210Po
in commercial antistatic strips manufactured in April
1999. The sample inlet of the DRI SMPS, including the
external aerosol charge neutralizer, was 75 cm long in the
initial configuration. After 1,800 hours on May 20, 1999,
the inlet assembly was reconfigured to a total length of
25 cm in order to minimize the time delay.

The aerosol sample line connecting the electrostatic
classifier and the CPC is not a standard TSI product but
rather is 29% longer than standard. A longer tubing con-
nection implies that an increased delay time is needed
(measure of the travel time of the aerosol sample between
the classifier and the CPC). Therefore, the default delay
time settings should be increased by 29%.

The delay time can be varied in postprocessing these
data. For the Tuscarora Tunnel data, the effect of the
delay time correction was a decrease of 2 to 4 nm in the
count median diameter (CMD) of the size distributions.
The peak diameters of the most prominent modes of each
distribution decreased 2 to 3 nm. We do not have an inde-
pendent estimate of the sizing precision of the SMPS, but
it probably exceeded 1 nm. Therefore, the decreases due
to the delay time correction were not much above uncer-
tainty levels.

The daily measurement routine included checking the
zero of the instrument. The indicated particle count typi-
cally was less than 0.01 particle/cm3 before each scan.

SIZE DISTRIBUTION RESULTS

General

Our observations at the Tuscarora site generally supported
existing concepts regarding aerosol size distributions. For
example, close to mobile sources, particles in the few tens of
nanometers diameter were observed, corresponding to a
fresh aerosol close to its source. Because these particles are
highly mobile and readily attach to any available surface,
they are usually absent in aged aerosols. In addition, all

Tuscarora measurements showed the presence of an accu-
mulation mode, with diameters close to or exceeding 100
nm. This mode is typical of an aged aerosol, for which the
processes of generation, coagulation, and deposition have
reached near-equilibrium; their rates are greatly attenu-
ated. The accumulation mode often serves as a sink for
smaller particles. Finally, trimodal size distributions were
observed on some occasions during the Tuscarora study.
These show three distinct size modes in the 10 to 300 nm
diameter range covered by the SMPS.

The accumulation mode is not necessarily a feature
unique to aged aerosol distributions. Abdul-Khalek and
associates (1998) show consistent bimodal distributions in
their measurements of exhaust particles from a 1995 diesel
engine. For their study, the accumulation mode was sim-
ilar to that observed by others, and it apparently corre-
sponds to larger carbonaceous particles emitted directly in
the fresh exhaust. See sidebar for aerosol terminology.

Sawyer and Johnson (1995) and Baumgard and Johnson
(1996) show similar conceptual illustrations of diesel
exhaust particulate (their Figures 4 and 2 respectively).
The accumulation mode particles are chain aggregates of the
EC spherules onto which volatile OC compounds and sul-
furic acid have adsorbed and/or condensed. In fresh diesel
exhaust, the nuclei mode occupants include sulfuric acid
droplets, condensed organic material, ash particles, and
individual EC spherules (Baumgard and Johnson 1996;
Abdul-Khalek et al 1998). The sulfuric acid droplet con-
centrations depend on the sulfur content of the fuel
(Baumgard and Johnson 1992, 1996) and the nature of the
dilution process experienced by the exhaust. Currently
less information is available on the general characteris-
tics of exhaust aerosol from spark-ignition gasoline
engines. Maricq and associates (1999a) include spark-
ignition data in their important analysis of measurement

Aerosol Terminology

•  Fine fraction: particles smaller than or equal to 2.5 µm 
aerodynamic diameter.

•  Ultrafine fraction: part of the fine fraction; particles with 
diameters smaller than 0.1 µm (100 nm). 

•  Accumulation mode: in common usage, this term applies 
to particles between about 0.1 and 1 µm diameter; diesel 
researchers (eg, Baumgard and Johnson 1996) apply this 
term to the 0.042 to 1.0 µm size interval and we follow 
their convention unless otherwise noted.

•  Nanoparticles: particles smaller than 0.05 µm (50 nm) 
(Abdul-Khalek et al 1998). 

•  Nucleation mode: diesel researchers use this term to 
describe 0.0075 to 0.042 µm particles (eg, Baumgard and 
Johnson 1996).
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artifacts; these data indicate that a single, broad nucleation
mode can be expected.

Outlet Size Distribution Data Corrected for Inlet 
Contribution

In this section we present size distribution data derived
by subtraction of tunnel inlet measurements from tunnel
outlet measurements. Further discussion of the inlet,
outlet, and background particle size distributions is pre-
sented in Appendix C. 

Representative data measured at the Tuscarora Moun-
tain Tunnel showed that aerosol entering the tunnel
appeared to be composed of non-mobile source back-
ground particles and diluted mobile source particles. The

proportions of these particles depended on airflow pat-
terns at the inlet. In the discussion of the tunnel outlet
measurements, we focused on four cases for which tunnel
inlet and outlet data were as closely matched in time as the
movement of the SMPS instrument from one end of the
tunnel to the other would allow (Tables 10 and 11).

Figure 35 (case 1) shows the tunnel outlet mean size dis-
tribution for 2156 to 2237 hours, May 18, with and without
subtraction of the mean inlet size distribution for 0103 to
0141 hours, May 19. This approximate correction used
data taken sequentially during two periods separated by
2.5 to 4.0 hours. Subtraction of the inlet data in this case
did not alter the outlet distribution very much. The nucle-
ation mode peak diameter (16 nm) did not change, and its
concentration decreased. The accumulation mode was
attenuated in the 50 to 100 nm interval. The integrated
concentration of the outlet mean distribution decreased by
about 17% due to the inlet correction. 

Figure 36 illustrates case 2, the tunnel outlet data for
May 20, with and without subtraction of the inlet data
taken 2.5–5 hours earlier. The SMPS distribution in Figure
36, however, appears to be similar to that in Figure 35.
This case uses inlet data taken earlier than the outlet data,
in the reverse order from case 1, so any effects due to the
decreasing numbers of vehicles as a function of time
should be applied in reverse order in these two cases. To
assist in understanding this point, Table 12 summarizes
the eastbound traffic counts and HD diesel percentages
during the SMPS measurements represented in Figures 35
and 36. The traffic counts, HD fractions, and their trends

Table 10. Tunnel Outlet Size Distributions with Inlet Data Subtraction in Four Cases

Case 
Inlet Data

Date and Time
Outlet Data

Date and Time
HD Fraction 

at Outlet

1 5/19/99, 0103–0141 5/18/99, 2156–2237 0.645
2 5/19/99, 2015–2144 5/20/99, 0028–0128 0.786
3 5/21/99, 1400–1613 and 1930–2023 5/21/99, 1719–1832 0.133
4 5/22/99, 1050–1121 5/22/99, 1201–1221 0.152

Table 11. Summary of Parameters for Four Inlet-Corrected Cases and One Other Case

Case 
HD Fraction

at Outlet
CMD
(nm)

Nucleation Mode Peak 
Diameter (nm)

Integrated Particle 
Concentration/cm3

RH During
SMPS Measurements

1 0.645 16 16 104,136 68–82
2 0.786 17 17 108,502 47–62

3 0.133 13 13 74,740 26–47
4 0.152 13 11 61,715. 37–53
naa 0.310 17 16 — 28

a An additional case with an HD fraction of 0.31.

Figure 35. Tuscarora Tunnel SMPS measurements (5/18/99): outlet site
data with and without subtraction of inlet data.
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with time are similar for the two cases, indicating that the
traffic distributions are consistent for the two night
periods. Therefore, reversing the order of the inlet and
outlet measurements on the nights of May 18 to 19 and
May 19 to 20 should, to a first approximation, reveal any
systematic differences. Figures 35 and 36, together with
the four case study distribution summaries in Table 11, do
not reveal any such differences; this suggests either that
any systematic differences are not resolved by the
approach, or else that they do not exist. 

Case 3 involves tunnel outlet measurements conducted
from 1719 to 1734 on Friday afternoon, May 21. At this
time, the HD fraction was 0.133, much lower than the pre-
vious two cases. These outlet size distribution measure-
ments were bracketed by tunnel inlet measurements
conducted from 1415 to 1555 hours and 1944 to 2002 hours
on the same day. The mean outlet size distribution and the

distribution obtained by subtracting the mean inlet distri-
bution are shown in Figure 37. Subtraction of the inlet data
has reduced the integrated concentration by 15.3%, from
88,209 to 74,740 particles/cm3. The nucleation mode peak
diameter and CMD are approximately equal to each other
and unchanged, with a value of 13 nm. Figure 37 shows
the resulting small reduction in the differential concentra-
tion at 13 nm and the reduction of the values to nearly zero
at about 40 nm. The concentration difference between the
two distributions, summed from 30 nm to 70 nm, is about
4,600 particles/cm3. A small accumulation mode peak
remains at about 60 nm. 

The distributions in Figure 37 contrast with the distri-
butions in Figures 35 and 36 in the following ways:

• the integrated concentrations are lower for case 3;

Table 12. Eastbound Traffic Counts for Size Distribution Analysis of Cases 1 and 2

Date

5/18 5/18 5/19 5/19 5/19 5/19 5/19 5/20

Case 1 1 1 1 2 2 2 2
Measurement Locationa outlet outlet inlet inlet outlet

Start Time 2000 2200 0000 0200 1900 2100 2300 0100
End Time 2100 2300 0100 0300 2000 2200 0000 (5/20) 0200

LD Count 177 104 31 26 240 148 70 43
HD 4–6 Count 11 10 4 10 14 20 4 6
HD 7–8 Count 197 179 171 156 200 191 178 152

Total Count 385 293 206 192 454 359 252 201

HD 7–8 Fraction 0.540 0.645 0.850 0.865 0.471 0.588 0.722 0.786

a On 5/19, inlet measurements did not start until 0103. Thus, the 2 measurements overlap but are not simultaneous. They are not included here.

Figure 36. Tuscarora Tunnel SMPS measurements (5/20/99): outlet site
data with and without subtraction of inlet data.

Figure 37. Tuscarora Tunnel SMPS measurements (5/21/99): outlet site
data with and without subtraction of inlet data.
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• the nucleation mode peak diameter is 3 to 4 nm 
smaller than cases 1 and 2;

• more structure is evident in the case 3 accumulation 
mode; and 

• inlet subtraction clearly affects the case 3 accumula-
tion mode in the 30–50 nm interval.

Case 4 involves tunnel outlet measurements conducted
from 1201 to 1221 hours on Saturday, May 22. At this
time, the HD fraction was estimated at 0.152, similar to
case 3. Tunnel inlet data were obtained from 1108 to
1121 hours. The mean size distribution for this period,
together with the inlet-subtracted result, is shown in
Figure 38. These distributions are somewhat similar to
those derived for case 3; the nucleation mode peak diam-
eters agree to within one nm, the CMDs are approxi-
mately equal, and the integrated concentrations agree to
within 21%. Case 4 does not exhibit the same accumula-
tion mode structure, however. The peak at about 60 nm in
case 3 is missing in case 4. Case 4 also exhibits a broad,
low-concentration accumulation mode feature in the
100–200 nm interval; this feature is mostly removed by
the subtraction of the inlet mean data.

Summary of Mean Tunnel Outlet Size Distributions

Figures 35 through 39 show some of the findings of this
size distribution study. Proceeding in order through the
four case studies, the major findings are as follows.

(1) Cases 1 and 2 correspond to relatively high HD frac-
tions; for these cases, the majority of the particles
are found in the nucleation modes, as indicated by
the small differences between the nucleation mode
peak diameters and the CMDs; this result seems
consistent with the findings of Baumgard and
Johnson (1996), regarding the proportion of nucle-
ation mode versus accumulation mode particles for
newer engines.

(2) Cases 1 and 2 exhibit similar nucleation mode peak
diameters, 16 and 17 nm, respectively.

(3) For case 1, the integrated concentration of the inlet-
subtracted outlet mean distribution is 104,136 par-
ticles/cm3; for case 2, it is 108,502/cm3. These
values may be used to estimate ultrafine particle
production in the tunnel.

(4) Cases 3 and 4 correspond to relatively low HD frac-
tions; for these cases, the nucleation mode concen-
trations again dominate the measured distributions.

(5) Cases 3 and 4 exhibit smaller nucleation mode peak
diameters, 13 and 12 nm, respectively, compared to
cases 1 and 2.

(6) In case 3, the ambient background aerosol appar-
ently contributed to the tunnel inlet accumulation
mode in approximately the 30–70 nm interval; this
contribution is removed from the tunnel outlet
mean distribution by the inlet data subtraction step.

(7) For case 3, the integrated concentration of the inlet-
subtracted outlet mean distribution is 74,740 parti-
cles/cm3; for case 4, it is 61,715 particles/cm3.

ESTIMATION OF PARTICLE PRODUCTION RATES 

The four inlet-corrected outlet cases can be used to esti-
mate particle production by vehicles traversing the Tusca-
rora Mountain Tunnel. Proceeding according to the
standard tunnel production equation, 

where p is the particle production rate per vehicle-kilometer;
C is the particle concentration measured at the outlet and cor-
rected for the inlet contribution; L is the length of the tunnel
(1,623 m); N is the number of vehicles; v is the measured
wind speed in the tunnel; and A is the cross-sectional area of
the tunnel (42.94 m2). 

Table 13 shows the estimation of particle production rates
for the four case studies. Cases 3 and 4, for which the HD frac-
tion was lowest, exhibited the lowest particle production
rates, but the estimates have considerable uncertainty (Table
13). These estimates of particle production rates plotted as a
function of the HD fraction suggest a weak dependence of the
production rate on the HD fraction with a small but signifi-
cant correlation (Figure 39).

Rickeard and coworkers (1996) provide one of the few
published estimates of submicron particle production per
vehicle-kilometer in steady-state operation. Their study
involved one LD diesel van, three diesel cars, and two gas-
oline cars operated on a dynamometer with an SMPS
instrument sampling particle concentrations out of a dilution
tunnel. At 120 km/hr, the gasoline car produced slightly more
than 1 × 1014 particles/veh-km, and the diesel vehicle rates

A,v(C/LN)p ••=

Figure 38. Tuscarora Tunnel SMPS measurements (5/22/99): outlet site
data with and without subtraction of inlet data.
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ranged from slightly greater than 1 × 1014 particles/veh-km to
almost 2 × 1014 particles/veh-km. Their 50 km/hr results were
reduced by about a factor of two or less.

The overall magnitudes of the Tuscarora estimates are
almost an order of magnitude lower than the results of Rick-
eard and coworkers (1996). In the absence of more compar-
ison data, the most likely causes of the discrepancy are
unclear. Dilution tunnel results may be subject to the par-
ticle production artifacts described by Maricq and associates
(1999a); on the other hand, the SMPS integrated concentra-
tions may underestimate the total concentration. This issue
will probably be clarified when the SMPS comparisons from
the Langley experiment are analyzed and as more on-road
particle production rate measurements are conducted.

A different interpretation of the variation in particle pro-
duction rates as a function of the HD fraction is as follows:
The HD fraction is reduced for cases 3 and 4 (May 21 and 22)
not so much because the HD diesel traffic count decreased
by that much, but because the LD count (per hour) increased.
The HD count per hour decreased by a factor of 1.5 to 2.4
between cases 1 and 2, and cases 3 and 4. The HD fraction

decreased much more than this due to increasing numbers of
LD vehicles. Therefore a plausible hypothesis is that the
tunnel outlet data for cases 3 and 4 represent HD vehicles
with very little contribution from the LD traffic. This
hypothesis can be advanced because the integrated particle
concentrations for cases 3 and 4 decreased roughly in pro-
portion to the HD count per hour. This hypothesis implies
that the LD contribution to the SMPS data was much smaller
than the HD contribution. The gasoline passenger cars tra-
versing the Tuscarora Tunnel are at freeway speed with hot-
stabilized engines under minimal load, so possibly their par-
ticle production is minimal. 

SIZE DISTRIBUTION BY VEHICLE FLEET 
COMPOSITION

A small but consistent dependence of the distribution
CMD and the nucleation mode peak diameter on the HD
fraction was evident: 16 to 17 nm for HD fractions of 0.645
and 0.786, respectively (Figures 35 through 38). These two
parameters decrease to 11 to 13 nm for HD fractions of
0.133 and 0.152. Differences of 3 nm are probably just
above the limit of resolution of the SMPS; however, the
individual scans that make up the means of these four fig-
ures generally support the hypothesis that the high-HD
and low-HD fraction cases consistently differ 3 to 5 nm. To
further examine this hypothesis, an additional data point
is available for the 0.310 HD fraction case; Figure C.28 pre-
sents a mean of five tunnel outlet SMPS distributions for
this HD fraction. Figures 35 through 38 are inlet-corrected
data; Figure C.28 can be added to this data set by assuming
that inlet correction would not change the nucleation
mode peak diameter, or the CMD, as seems to be the case. 

Figure 40 clearly shows the increase in CMD and peak
diameter when the HD fraction increases from about 15%
to about 30%, but further increase in the HD fraction does
not seem to have any effect. This analysis may not have
sufficient resolution to detect small changes in the peak
diameter and CMD, or the presence of merged nucleation

Table 13. Estimated Submicron Particle Production Rates for Four Cases

Case 
Date

(1999) Time

Corrected
Outlet Particle
Concentration

(n/cm3)

Total
Vehicles
per Hour

Mean Wind
Speed in Tunnel

(m/sec)

Particle Emission
Rate

(n/veh-mi) 

1 5/18 2156–2237 104,136 293 6.21 3.38 × 1013

2 5/20 0104–0121 108,502 201 6.09 5.03 × 1013

3 5/21 1719–1734 74,740 814 5.90 8.30 × 1012

4 5/22 1201–1221 61,715 547 5.06 8.75 × 1012

Figure 39. Particle emission rate versus HD fraction. The particle emis-
sion rate was calculated by multiplying 0.0375 times the HD vehicle frac-
tion and subtracting 0.0342.
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modes that may result from intermediate mixtures of LD
and HD traffic. One hypothesis concerning the decrease in
CMD and peak diameter associated with decreasing HD
fractions could be based on the actual HD counts per hour,
rather than the HD fraction, as with particle production
rates. The increases in CMDs and peak diameters could be
a result of coagulation enhanced by an increasing back-
ground of diesel particles in the tunnel when greater num-
bers of HD vehicles are present.

RELATIVE HUMIDITY

The SMPS measurements were accompanied by relative
humidity (RH) measurements made using an aspirated
psychrometer. Totally or partially water-soluble particles
may enlarge due to water condensation and/or change
their morphologies in high RH; such changes would affect
the SMPS measurements. Gasoline and diesel exhaust par-
ticles are not obviously hygroscopic except for particles
containing some sulfuric acid or neutralized sulfate. How-
ever, even a small amount of sulfuric acid may be enough
to result in hygroscopic behavior in combustion particles
(see Rogers et al 1991). As nucleation and accumulation
particles exit the tailpipe, the RH of the surrounding gas
rises due to cooler ambient air, but rapid dilution takes
place concurrently. Particles as small as a few hundred
nanometers equilibrate to the surrounding humidity in
about one second or less (Fitzgerald et al 1981). Nucleation
mode particles equilibrate much faster. In this discussion,
we focus on the simplest aspect of the problem: consid-
ering the ambient RH during the Tuscarora experiment, are
SMPS measurements conducted at different times affected
by the correspondingly different RH?

The answer to this question is complicated by the fact
that ammonium sulfate and ammonium bisulfate exhibit
hysteresis in their deliquescence-efflorescence curves, but
sulfuric acid does not. In both cases, this means that the
RH does not have to be as high as the transition humidity

of the compound for water condensation to enlarge the
particle. The deliquescence-efflorescence curves for
organic compounds are just now being determined (see
Saxena and Hildemann 1996). Fresh diesel and gasoline
engine exhausts are generally regarded as internal and
external mixtures of graphitic carbon, condensed organic
compounds, sulfuric acid, and trace metallic compounds
(eg, Kittelson 1998). The effects of humidity on this com-
plex mixture cannot be predicted using presently available
theory alone.

Weingartner and colleagues (1995, 1997) have experi-
mentally examined the deliquescence growth behavior of
particles sampled at the tailpipe of a spark-ignition gaso-
line engine. The exhaust particles (sizes 52 nm and
108 nm) did not exhibit deliquescence growth until the RH
reached about 95%. The larger particle size fraction
seemed to exhibit some decrease in the mobility-equiva-
lent diameter between about 60% and 95% RH. The
authors hypothesize that this apparent decrease in size
could be due to compaction of chain aggregates due to cap-
illary forces, an effect that has been verified for several
types of non–mobile-source chain aggregates. In the later
study, Weingartner and colleagues (1997) detected the
apparent compaction effect for accumulation mode parti-
cles sampled in their highway tunnel study. In this case,
the RH values remained below 85%, and the investigators
ruled out any deliquescence growth because the RH was
not high enough. While condensable material was
adsorbed onto the carbonaceous particles by the time they
were sampled at the tunnel outlet, these investigators do
not infer the net diameter change was due to the com-
peting effects of adsorption and compaction. 

The conclusions we can derive from these two impor-
tant papers are as follows:

(1) Spark-ignition exhaust particles from a test engine
may compact slightly as RH increases from about
60% to 95%.

(2) The exhaust particles from the spark-ignition test
engine exhibited deliquescence growth as the RH
was increased above 95%.

(3) These researchers did not observe any evidence of
deliquescence growth for RH below 85% in their
tunnel study.

(4) In the same tunnel study, some particle compaction
appeared to be due to the adsorption of semivolatile
compounds and the resulting capillary forces.

In the Tuscarora measurements, we did not observe any
clearly resolvable differences in either nucleation mode or
accumulation mode sizes that we could associate with RH
variations (Appendix E). The RH varied from a low value
of 26% to a high value of 82%. The highest values usually,
but not always, occurred late at night. Given the generally
low values, one can only speculate whether accumulation

Figure 40. Nucleation mode peak diameter and count median diameter
for tunnel outlet data, as a function of HD fraction for the 4 case studies
plus an additional case.
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mode compaction due to water adsorption was operative
during the Tuscarora experiment. (This would not exclude
the adsorption of organic compounds.) Deliquescent
growth of accumulation mode particles seems unlikely
because water would have condensed on nucleation mode
sulfuric acid particles at these humidities. Our data do not
seem to indicate this effect, however.

Figure 40 shows the differences in CMDs and nucleation
mode peak diameters for the four case studies, and one
additional measurement at an HD fraction of 0.31. It is
plausible that RH could affect this intercase comparison of
particle sizes. The relevant data are summarized to
examine this issue more closely (Table 11). This summary
generally discourages any hypothesis that the intercase
size differences are due solely to RH effects. The observed
CMDs and peak diameters do not clearly correlate with
low or high values of RH. Thus RH apparently was not a
major factor in determining particle sizes during this
experiment.

COAGULATION ESTIMATE

The physical process of coagulation has almost certainly
shaped the exhaust particle size distributions prior to their
entry into the SMPS. In a tunnel experiment such as this,
there is no direct way to quantify the time spent by the par-
ticles between exiting the tailpipe and entering the SMPS.
In conditions involving steady HD traffic, many of the
SMPS measurements capture fresh exhaust that was
emitted as the vehicles passed within three meters of the
SMPS inlet. This emission is probably mixed with aerosol
distributions generated farther back in the tunnel and were
pushed out by the traffic piston effect. The freshest aerosol
has probably been airborne for a few seconds between the
tailpipe and the SMPS. The oldest material from the
tunnel may have traversed the entire length of the tunnel
at a speed of about 6 m/sec, giving a residence time of
about 5 minutes. On-road chase experiments allow better
quantification of the elapsed time between the tailpipe and
the sampling point but have other drawbacks.

In our Tuscarora data, the very magnitude of the inte-
grated concentrations indicates that we were sampling
particle size distributions that had stabilized to some
degree with regard to coagulation. As indicated in Figures
35 through 38, the greatest integrated concentrations we
observed were about 105 particles/cm3. Numerous investi-
gations have found that tailpipe concentrations for HD
diesel vehicles range from 107 to 109 particles/cm3 (see, for
example, Kittelson 1998). In another study of steady-state
gasoline engines, lower concentrations were emitted from
recent-model spark-ignition cars (Maricq et al 1999a).
Although coagulation is greatly slowed for concentra-
tions as low as 105 particles/cm3, the greater concentra-
tions at the tailpipes might have sustained the process at

a measurable rate. However, coagulation will be sustained
only if a competing process, dilution, has not reduced con-
centrations. Therefore, the SMPS data we present seem to
be a snapshot of the aerosol taken after both coagulation
and dilution have reduced concentrations. 

Given the Tuscarora SMPS data as we have presented it,
what can we say about the further effects of coagulation as
the aerosol is transported away from the immediate
vicinity of the tunnel? Kittelson and colleagues (1988)
demonstrated a simple method of comparing the rate con-
stants for dilution and coagulation. In the immediate wake
of a large vehicle, the dilution rate constant is about two
orders of magnitude faster than that for coagulation. This
is true even if the coagulation is enhanced by an increased
coagulation coefficient for nucleation mode particles coag-
ulating with accumulation mode chain aggregates. Dilu-
tion continues after the aerosol is transported away from
the tunnel, but if we assume no additional dilution, we can
derive the strongest-case argument for the magnitude of
coagulation.

Kittelson and colleagues (1988) recommend a simplified
lumped-mode approach to estimating the rate constants
for coagulation. The nucleation and accumulation modes
are treated as though each followed a monodispersed par-
ticle distribution. Each of the two modes can coagulate
internally or with the other mode. The coagulation coeffi-
cient (K) for nuclei-nuclei mode (nn) coagulation is conser-
vatively estimated as Knn = 2 × 10−9 cm3/sec. The coagulation
coefficient for nuclei-accumulation mode (na) coagulation is
also estimated to be Kna = 2 × 10−9 cm3/sec, while internal
accumulation mode coagulation is neglected because the
concentrations are low. The value for Kna is conservative
(ie, large in order to allow for enhanced coagulation
between nuclei mode particles and accumulation mode
chain aggregates).

Kittelson (1998) shows that

where n is the particle concentration at time t, d is the
derivative, Nn/V0 is the number of nucleation mode parti-
cles in the volume V0 at the start of the process, and Na is
the number of accumulation mode particles in the volume
V0. The first term in the square brackets is a rate constant
for intramodal nucleation mode coagulation; the second
term is the intermodal rate constant for nucleation and
accumulation mode coagulation. This equation assumes
that dilution is negligible in describing the rate of decrease

1 n⁄( )dn dt⁄ Knn Nn V0⁄( ) Kna Na V0⁄( )+[ ]–=
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of n. The four Tuscarora case studies provide maximum
values for Nn/V0 and Na/V0:

Nn/V0 = 115,600 particles/cm3 (case 1, outlet data, sum
from 9 nm to 43 nm); and

Na/V0 = 10,450 particles/cm3 (case 3, outlet data, sum
from 43 nm to maximum size measured, 284 nm).

The result is then

This approximation indicates that intramodal coagula-
tion would decrease the nucleation mode concentration by
about 0.02% per second (or 1.2% per minute if the concen-
tration remained constant). Intermodal coagulation is an
order of magnitude slower because accumulation mode
concentrations are smaller than nucleation mode values by
one order of magnitude or more. Evolution of the aerosol
as it is transported away from the immediate vicinity of the
tunnel involves some dilution, so this calculation tends to
magnify the effects of coagulation. The result supports the
idea that the SMPS measurements were conducted on a
relatively stable aerosol, one for which coagulation had
slowed considerably. Coagulation may have played a
major role in shaping the distributions before they entered
the SMPS (eg, the hypothesized increases in CMDs and
peak diameters associated with increasing HD fractions).
By the time of the measurements, however, its importance
was greatly diminished.

COMPOSITION OF ULTRAFINE EMISSIONS

The DRUM afterfilter data are relevant to analysis of the
chemical composition of ultrafine particles sampled in
this experiment because this size channel includes parti-
cles with aerodynamic diameters less than or equal to
70 nm. Particle bounce sometimes affects cascade impac-
tors or instruments derived from them, such as the DRUM;
if bounce occurs, then particles larger than 70 nm could
pass on through the last stage and be captured by the after-
filter. The DRUM substrates used in the Tuscarora study
were coated with Apiezon type L grease to prevent bounce.

Sulfur was the most abundant element detected in anal-
ysis of the DRUM afterfilters (Figure 41). Hydrogen is asso-
ciated with the sulfur. If we hypothesize that the sulfur is
in the form of sulfuric acid and use the corresponding stoi-
chiometric ratio for their relative quantities, then we can

1 n⁄ )dn dt⁄ 2.3 10
4–
sec⁄×( ) 2.1 10

5–
sec⁄×( )+[ ]–=

Figure 41. DRUM afterfilter chemistry analysis, composite from all runs.
Afterfilter collects particles less than or equal to 70 nm.

Table 14. Composition of Ultrafine Particles in Vehicle Exhaust According to Recent Research

Type of Vehicle 
and Fuel

Dynamometer or 
On-Road Study

Size Range and 
Particle Composition Reference

LD, mostly gasoline On-road (Caldecott 
Tunnel)

50 to 120 nm; high molecular weight 
PAH; other compounds not measured

Miguel et al 1998

HD diesel On-road 
(Caldecott Tunnel)

50 to 120 nm; low molecular weight 
PAH; other compounds not measured

Miguel et al 1998

1995 Perkins 4-cylinder, 
4-liter direct injection 
diesel, 300 to 412 ppm

Dynamometer Nuclei mode, < 20 nm; 
calcium compounds such as CaSO4; 
metallic ash from lubricating oil

Abdul-Khalek et al 
1998

General HD diesel Not specified 5 to 50 nm; volatile organic and 
sulfur compounds; some solid 
carbon and metals

Kittelson 1998; 
Kittelson et al 
1999

1995 Perkins 4-cylinder, 
4-liter direct injection diesel, 
300 to 500 ppm sulfur fuel

Dynamometer 30 to 73 nm; sulfate when relative 
humidity 76% or higher

Shi and Harrison 
1999
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account for a mean of 61% of the hydrogen. The remaining
hydrogen could be associated with other compounds such
as hydrocarbons. For comparison, Table 14 shows the com-
pounds associated with LD or HD vehicle exhaust by other
researchers in recent years.

Several compounds may be present in the nuclei mode
particles (Table 14). The sulfur could be in the form of
sulfuric acid or could be associated with metals origi-
nating in the lubricating oil; calcium sulfate is one pos-
sible form. The hydrogen could be associated with PAHs or
other hydrocarbons as well as with the sulfuric acid.

COMPARISON OF TUNNEL DATA WITH 
DYNAMOMETER AND ON-ROAD STUDIES

Possible Artifacts in Dynamometer Studies

Kittelson (1998) and others have presented conceptual
models of diesel and spark-ignition exhaust particles. Gen-
erally, an accumulation mode consisting of chain aggre-
gates is present in diesel exhaust. These chains consist of
carbonaceous spherules onto which semivolatile com-
pounds such as sulfuric acid and hydrocarbons have con-
densed or adsorbed. A nucleation mode is also present,
and in the case of diesel exhaust, many investigators found
that this mode dominates particle number distribution.
The accumulation mode is a sink for condensable com-
pounds and for nuclei mode particles via coagulation. One
hypothesis for increasing dominance of the nuclei mode in
number-size distributions of particles from new diesel
engines is that reduced accumulation modes are less effec-
tive as sinks for the material that forms the nuclei modes
(Kittelson 1988). On-road sampling of mobile source emis-
sions guarantees that dilution of the exhaust aerosol is nat-
ural (ie, representative of the way the emissions are
diluted and presented to human receptors, without labora-
tory-created artifacts). On-road sampling also involves
mixed vehicle fleets, a circumstance that is both an advan-
tage and a disadvantage. Because different sources are
mixed, identification of the signature of any single source
involves some difficulties. Because real-world human
exposure involves mixed sources, however, on-road sam-
pling is advantageous because it measures the realistic
mixed aerosol.

On-road emissions from mobile sources are subject to
dilution by the ambient air. In congested city traffic, dilu-
tion may be restricted by low vehicle and wind speeds. In
this case, exhaust from the numerous tailpipes of a mixed
fleet mixes with minimal dilution by relatively clean
ambient air. At the other extreme, exhaust from a single
vehicle on a freeway is rapidly mixed with ambient air that
may be quite clean in terms of particles and gases. Kit-
telson (1988) published the only available quantitative
study of dilution under highway speed conditions. With

vehicle speeds of 50 to 55 mph, these investigators found
that the ratio (D) of aerosol volume to the volume at the
tailpipe equaled 1,000 at a distance of 100 meters behind
the test vehicle. Their data could be expressed in an
approximately linear form: D = Kt, where t is elapsed time
in seconds, and K is a constant approximately equal to
250/second. In the Tuscarora Tunnel, the vehicle speeds
were 50 to 55 mph or greater. Rapid dilution with air at
ambient temperature, in the absence of confining ducts or
chamber walls, defines aerosol evolution that may be quite
different from the conditions in dynamometer studies.

Dynamometer studies of both diesel and spark-ignition
engine exhaust have contributed greatly to our under-
standing of exhaust aerosols and changes resulting from
new engine designs. However, recent studies have been able
to build on some 20 years of progress in our understanding,
and have now identified conditions under which artifacts
may be produced in dynamometer sampling systems.

Kittelson and colleagues (1999) and Shi and Harrison
(1999) report investigations into the effects of different
dilution conditions on the nucleation of particles after
the exhaust has left the tailpipe. Kittelson and his col-
leagues (1999) argue that homogeneous nucleation of sul-
furic acid occurs with rapidly achieved dilution ratios of
10 to 50 at normal ambient temperatures. (Sulfuric acid is
a fortuitous compound in this case because of the exten-
sive information available on its nucleation properties.)
These researchers suggest that the most likely path for
condensation of the soluble organic fraction (semivolatile
hydrocarbon compounds) is via heterogeneous nucleation
onto the sulfuric acid particles. The relevant concept
resulting from this work is that dilution ratios that reach
10 to 50 but do not increase any further are appropriate for
the formation of sulfuric acid particles by homogeneous
nucleation. If the dilution continues rapidly past this
range, sulfuric acid supersaturation will not be maintained
and homogeneous nucleation will not be possible (as illus-
trated in Figure 7 of Kittelson et al 1999).

Shi and Harrison (1999) further develop the arguments
for sulfuric acid nucleation during humid dilution condi-
tions. These researchers utilized a 1995 Perkins 4-L diesel
engine on a dynamometer stand with a dilution tunnel.
The fuel sulfur content was 300–500 ppm by weight. This
study’s findings appear to differ from that of Kittelson and
colleagues (1999) regarding the upper limit of the dilution
ratio range for which sulfuric acid homogeneous nucle-
ation is active. With the additional condition that the dilu-
tion was accomplished with air at an RH of 58% to 65%,
increases in the nuclei mode particle concentrations were
observed for dilution ratios up to 911, beyond which fur-
ther measurements were not obtained.

Maricq and associates (1999a) conducted dynamometer
studies on passenger cars equipped with both gasoline and
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diesel engines to identify possible artifacts in particle size
distributions. Their studies utilized primary dilution
ratios between 10 and 32. The findings of Maricq and asso-
ciates (1999a) included the following:

(1) Transfer hoses leading from the test vehicle to the
dilution tunnel can act as storage reservoirs for
semivolatile hydrocarbon compounds.

(2) If the transfer hose is insulated, heat from the
exhaust gases may be enough to desorb stored
hydrocarbons and thus form spurious nuclei mode
particles in high concentrations.

(3)  Uninsulated transfer hoses were less subject to this
artifact, especially for gasoline engine exhaust.

(4)  Diesel exhaust provides more semivolatile material
for deposition in transfer hoses, and the desorption
artifact may appear even with uninsulated transfer
hoses.

(5) Diesel exhaust particle distributions are more sub-
ject to coagulation than are gasoline particle distri-
butions because overall diesel concentrations are
significantly greater.

Only prominent recent studies that appear most likely
to provide artifact-free data are discussed in this report.

Spark-Ignition Vehicle Exhaust Size Distributions 

The gasoline-fueled passenger cars studied by Maricq
and associates (1999a) are relevant to our tunnel studies.
For these vehicles, the dilution tunnel and direct tailpipe
size distribution measurements were comparable when
speeds were less than 70 mph and when an uninsulated
transfer line was used for the dilution tunnel. SMPS data
from an 8-cylinder US-manufactured car exhibit a domi-
nant nuclei mode peaking at about 20 to 30 nm (Figure 3 in
Maricq et al 1999a). No accumulation mode can be dis-
cerned. The SMPS data from a 4-cylinder US-manufac-
tured car exhibit a broader but still dominant nuclei mode
peaking at about the same diameter (Figure 4 in Maricq et
al 1999a). In this case a small accumulation mode may
center around 200 to 300 nm. The differential concentra-
tions observed at the peaks of these nuclei modes were
10,000 to 20,000/cm3.

Maricq and associates (1999b) examined particle size
distributions obtained when 21 recently manufactured
gasoline vehicles, including four of European manufac-
ture, were subjected to the federal procedures for dyna-
mometer tests. SMPS size distribution data were obtained
with primary dilution ratios of 2 to 120. These investiga-
tors cite their work on gasoline emissions in dilution tun-
nels (Maricq et al 1999a) and the evidence for absence of
artifact particles when elevated transfer line temperatures
are avoided. The accumulated size distribution data for all
vehicles exhibit a single mode, peaking at 40 to 80 nm. The
geometric mean diameter (GMD)was 45 to 80 nm. (Note

that GMD equals CMD for lognormal distributions and that
these data were well fitted by lognormal functions.) For
FTP phase 3, which involves a hot start and one period of
sustained speed of 50 to 60 mph, the GMD value was about
55 nm, compared to about 65 nm for phases 1 and 2. The
Tuscarora data with the lowest HD fractions (Figures 37
and 38) can be compared to these findings of Maricq and
associates (1999b). The contrast between the main particle
size modes is striking because the difference in CMD
values is more than 40 nm. These investigators seem to
present data free from artifact particles, so we can only
speculate that differences from the Tuscarora data may be
related to sustained high-speed freeway driving.

Specific information concerning the transfer line tem-
perature is not given by Ristovski and colleagues (1998),
but their findings agree with those of Maricq and associ-
ates (1999b) regarding size distributions of exhaust parti-
cles from gasoline vehicles.  Eleven European and
Australian spark-ignition vehicles were tested using a five-
part dynamometer cycle based on EPA procedures docu-
mentation published in 1996. For all five parts of the drive
cycle, CMD values were 30 to 66 nm and the SMPS data
exhibited single modes in the submicron range.

Medium-Duty and HD Diesel Exhaust Size Distributions

Abdul-Khalek and associates (1998) have reported one
of the recent and definitive diesel engine dynamometer
studies performed at D Kittelson’s laboratory at the Univer-
sity of Minnesota. Their study utilized a 1995 direct injec-
tion 4-L Perkins engine, running on fuel with a sulfur
content of 300–412 ppm by weight. The engine is appar-
ently classified as medium duty. The tests utilized ISO
8-mode and 11-mode cycles; the engine was operated at a
specified load and rpm for 10 minutes in each mode. The
primary and secondary dilution ratios were 16 and 87,
respectively. The dilution system utilized dry air and rela-
tively short residence times. 

Data obtained by Abdul-Khalek and associates (1998;
their Tables 5 and 6) include CMDs for both the nuclei and
the accumulation modes. These parameters are derived by
fitting lognormal functions to each mode; in the case of the
nucleation modes, the function is assumed to provide an
accurate extrapolation to particle diameters smaller than
the SMPS can detect (ie, smaller than about 7 nm). The
CMD values closely correspond to the observed peak
diameters for each particle size mode because each has
been fitted with a lognormal function. This data set is
derived from engine emissions with the engine at steady
load and rpm settings during the measurement, which
more closely resembles freeway driving than a variable
drive cycle.

Our averaged, inlet-corrected tunnel outlet data (Figures
35 and 36) most closely resemble the test mode cases of
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Abdul-Khalek and associates (1998) where the dominant
nucleation mode concentrations had a peak diameter near
10 nm. In our study, the fractions of total particle concen-
trations in the nucleation mode are 94% and 96% with
peak diameters of 16 and 17 nm, respectively. These Tus-
carora results most nearly compare with test modes 6, 8,
and 9 in Table 15. None of the cases in Table 15 exhibits
peak diameters as large as those we observed at the tunnel
outlet; a possible hypothesis for the differences is that
some coagulation occurred in the aerosol before it was
measured in the tunnel study. The high fractions of parti-
cles in the nucleation modes at Tuscarora exceed any mea-
sured by Abdul-Khalek and associates (1998) but are
closest to the 1,600 rpm cases at 25%–100% loads. Again,
the engine used in the tests reported in Table 15 was a
medium-duty unit; some of the differences noted here
could be due to the predominance of true HD engines
during the Tuscarora measurements.

At this time, several new on-road or wind tunnel exper-
iments involving HD diesel exhaust have been conducted,
but the existing literature provides few published results.
The highway tunnel study of Weingartner and associates
(1997) included SMPS measurements 100 meters inside
the entrance of a one-way bore of the Gubrist Tunnel near
Zurich, Switzerland. This tunnel is 3,250 meters long,
compared to 1,623 meters for the Tuscarora Mountain
Tunnel. On weekdays, the HD fraction was estimated to be
0.12. Although the vehicle fleet was composed of Euro-
pean vehicles, including diesel-powered passenger cars,
the SMPS particle size distributions are similar to some of
our Tuscarora Tunnel data (Table 16).

The second case shown in Table 16 (Tuesday 1300) can
be compared to Tuscarora Tunnel case 4 (Figure 38), which
generated an HD fraction of 0.152 and an integrated par-

ticle concentration of 61,715 particles/cm3. Two differ-
ences are evident in this comparison: The accumulation
mode for Tuscarora seems to include a significantly lower
integrated concentration than that for Gubrist. The nucle-
ation mode peak diameter for Tuscarora was 11 nm
whereas Gubrist was 20 to 25 nm.

A possible hypothesis to explain these differences is that
more diesel-powered passenger cars contributed to the
Gubrist data. At this time, however, we have no information
about European diesel car exhaust to support this idea.
The hypothesis would be supported if the exhaust exhib-
ited the nucleation mode peak diameter and the relative
particle populations in the nucleation versus the accumu-
lation modes that were observed in the Gubrist study.

Estimation of N/V Ratio

Kittelson (1998) and Kittelson and colleagues (1999)
have presented the number of particles per volume as a

Table 15. Summary of SMPS Data Obtained by Abdul-Khalek and Colleagues (1998)

11-Mode
Test Mode
Number

8-Mode
Test Mode 
Number

Engine
(rpm)

Engine Load
(%)

 CMD Nucleation 
Mode
(nm)

CMD Accumulation 
Mode
(nm)

Particles in 
Nucleation Mode

(%)

1 1 2,600 100 5.0 34 55
2 2 2,600 75 5.0 29 59
3 3 2,600 50 6.7 33 37
4 2,600 25 8.7 34 35

5 4 2,600 10 9.3 34 35
6 5 1,600 100 7.1 31 93
7 6 1,600 75 7.1 34 70
8 7 1,600 50 8.4 40 80

9 1,600 25 9.0 39 80
10 1,600 10 9.7 39 60
11 8 750 0 8.0 32 97

Table 16. Summary of SMPS Data Presented by 
Weingartner and Colleagues (1997) for HD Fraction 
of 12%

Date
Local 
Time

Nucleation
Diameter

(nm)a

Accumulation
Diameter 

(nm)b

Integrated
Particles
(n/cm3)

Monday 
9/20/93

2000 20–30 80–100 14,000

Tuesday 
9/21/93

1300 20–25 70–80 51,000

a Estimated nucleation mode peak diameter.

b Estimated accumulation mode peak diameter.



43

AW Gertler et al

means of parameterizing and comparing diesel exhaust
particle concentration and size measurements. This ratio
is based on N, the number of particles in a unit volume of
PM, and V, usually taken as 1 µm3. Therefore, N/V is essen-
tially the reciprocal of cube of the diameter of mean mass of
a size distribution if the particle density is assumed to be
1.0/µm3. Kittelson compared the N/V ratios resulting from
five diesel exhaust studies and one spark-ignition exhaust
study (Figure 6 in Kittelson 1998). For these cases, the
diesel N/V ratios were a function of the fuel/air equivalence
ratio; generally, the N/V values were 103 to 106 parti-
cles/µm3, with most values less than 105 particles/µm3. Kit-
telson (1998) derived the N/V ratios by comparing separate
measurements of particle volume and total particle number.

For the Tuscarora data set, we estimated N/V ratios from
the size distribution data, given that nucleation modes
usually dominated the distributions in terms of number
counts. We assumed that the size distributions were com-
posed of a single lognormal mode and used the standard
Hatch-Choate conversion relations to convert Tuscarora
data CMDs (which included the entire distribution, not
just the nucleation mode) to diameters of mean mass. This
procedure is more uncertain than the procedure used by
Kittelson and colleagues (1998); it is probably accurate
within one order of magnitude. The resulting N/V esti-
mates are in Table 17.

As one way of incorporating uncertainty into the N/V
estimates (Table 17), the estimated ranges of the geometric
standard deviations relevant to the four case studies are
included in the calculated ranges of the mass mean diame-
ters. Consequently, the estimated range of N/V is 3.3 × 104 to
2.2 × 105 for the high HD fraction (cases 1 and 2) and 5.3 ×
104 to 3.0 × 105 for the low HD fraction (cases 3 and 4).
These ranges of N/V lie at the high side of values presented
by Kittelson (1998). If, as previously discussed, the DRI
SMPS data are biased toward slightly greater particle diam-
eters due to the nonstandard delay time, then the diameter
of mean mass is also overestimated in these data. Further
adjustment of the delay time would decrease the particle
size estimates and hence the diameter of mean mass. Since
the N/V ratio is essentially the reciprocal of the cube of the

diameter of mean mass, it would be increased. This correc-
tion would put the results shown in Table 17 even higher on
the N/V range presented by Kittelson (1998).

SECTION SUMMARY

Submicron particle size distribution was obtained by
SMPS during the first five days of sampling. Two sites
were near the tunnel inlet, and one site was close to the
outlet; all sites involved the eastbound bore of the tunnel.
The combination of inlet and outlet sites allowed the
contributions of tunnel traffic to be estimated apart from
contributions from ambient aerosol distributions that enter
the tunnel. Four inlet-corrected size distribution case
studies were analyzed. For these cases, with HD diesel
vehicle fractions of 0.13 to 0.79, the submicron particle
production rate in the tunnel was calculated. The param-
eter N/V, the reciprocal of the particle diameter of mean
mass, was also estimated. The results obtained in this
study seem more comparable to previously published
diesel exhaust studies than they do to previous work on
spark-ignition vehicles. Specific conclusions include the
following.

(1) Subtracting inlet size distribution from outlet data
for the four case studies did not affect the main size
parameters of outlet distributions (nucleation mode
peak diameters and CMDs); however, inlet correc-
tion did significantly reduce the integrated concen-
trations of outlet data.

(2) Case studies 1 and 2, for which the HD fractions
were 0.65 and 0.79, exhibited nucleation mode
peak diameters and CMDs about equal to each other
(16 nm and 17 nm respectively).

(3) Case studies 3 and 4, for which the HD fractions
were 0.13 and 0.15, exhibited nucleation mode
peak diameters of 13 nm and 11 nm, respectively,
while both CMDs were 13 nm.

(4) Additional data indicated that increase in nucle-
ation mode peak diameters and CMDs did not con-
tinue for HD fractions greater than 0.30.

Table 17. N/V Estimates for Tuscarora Mountain Tunnel, Four Cases

Case 
CMD
(nm)

Minimum 
(GSD)

Maximum 
(GSD)

Minimum 
Mass Mean 

Diameter (nm)

Maximum
 Mass Mean 

Diameter (nm)
Maximum 

N/V
Minimum 

N/V

1 16 1.5 2.1 20.5 36.5 2.2 × 105 3.9 x 104

2 17 1.5 2.1 21.8 38.8 1.9 × 105 3.3 × 104

3 13 1.8 2.2 21.8 33.0 1.8 × 105 5.3 × 104

4 11 1.8 2.2 18.5 27.9 3.0 × 105 8.8 × 104
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Table 18. Description of Instruments Used for Gas Phase Analyses During Field Experiment

Species Instrument Name/Make Range

CO Dasibi Instruments model 3003 0–50 ppm
NOx Thermo Environmental Instruments model 42 0–2 ppm
CO2 Thermo Environmental Instruments model 40 0–1000 ppm
THC Rosemount Analytical model 400A 0–200% of span gas
SF6 Lagus model 215AUP portable trace gas monitor 1–100,000 ppt
Gas Calibration Environics series 100 computerized multigas calibrator N/A

Figure 42. Regression of observed CO2 emission rates versus fraction of HD
vehicles. A fraction of 0 represents the pure LD emission rate, while a frac-
tion of 1 represents the pure HD emission rate. The emission rate was deter-
mined by multiplying the fraction HD 7–8 by 947.82 and adding 249.37.

Figure 44. Regression of observed NO emission rates versus fraction of HD
vehicles. A fraction of 0 represents the pure LD emission rate, while a frac-
tion of 1 represents the pure HD emission rate. The emission rate was calcu-
lated by multiplying the fraction of HD 7–8 by 18.448 and adding 0.6777.

Figure 45. Regression of observed (nine runs) and corrected (eleven
runs) NOx emission rates versus fraction of HD vehicles. A fraction of 0
represents the pure LD emission rate, while a fraction of 1 represents the
pure HD emission rate. The NOx emission rate was calculated by multi-
plying the fraction of HD 7–8 by 22.136 and adding 3.3581.

Figure 43. Regression of observed, nonzero, CO emission rates versus
fraction of HD vehicles. A fraction of 0 represents the pure LD emission
rate, while a fraction of 1 represents the pure HD emission rate. The par-
ticle emission rate was calculated by multiplying the fraction HD 7–8 by
−3.4287 and adding 3.106.
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(5) Ambient RH did not seem to affect the size distribu-
tion measurements.

(6) Submicron particle production rates were estimated
to be 8.3 to 8.8 × 1012 particles per vehicle-mile for
the low HD fraction cases, and 3.4 to 5.0 × 1013 par-
ticles per vehicle-mile for the high HD fraction cases. 

(7) For all values of the HD fraction, the majority of par-
ticles were found in the nucleation mode; the frac-
tions of total particle concentrations found in the
nucleation modes were as high as 96%.

(8) The Tuscarora data reported here for low values of the
HD fraction exhibit significantly smaller particle
sizes than published data from previous measure-
ments on spark-ignition vehicles. The previous
experiments involved dynamometer tests, however,
and the data sets may not be exactly comparable
with our on-road cases.

(9) The Tuscarora data reported here for high values of
the HD fraction exhibit nucleation mode peak
diameters that fall between two results from pre-
vious experiments. Coagulation within the nucle-
ation mode may explain some of the differences.
Compared to a European highway tunnel study, the
Tuscarora data exhibit lower accumulation mode
particle concentrations.

(10) The SMPS data comparison for the four case
studies may indicate that the LD vehicle contribu-
tion to the ultrafine particle distributions was
much smaller than the HD contribution on a per
vehicle basis. This hypothesis should receive fur-
ther examination.

(11) Supporting data from the afterfilter of a cascade
impactor sampler indicated that sulfur was
enriched in particles smaller than 70 nm; this size

range included all of the nucleation mode and part
of the accumulation mode.

GAS PHASE EMISSIONS

SAMPLING METHODS

As previously described, each sampling location (inlet
and outlet) had a propeller anemometer for air flow mea-
surements, bag sampler for CO, CO2, THC, and NOx, and
canister sampler for SF6. Sampling lines, when used, were
0.25-inch ID FEP Teflon. The bag analyses for CO2, CO,
THC, and NOx and canister analysis for SF6, were per-
formed on site using standard methods (see Table 18 for
the make/model of the analytic equipment). Instruments
for monitoring ambient temperature, humidity, and baro-
metric pressure were located in the tunnel storage room
adjacent to the monitoring locations. The analytic instru-
ments were calibrated daily with NIST traceable standards
(Appendix G).

The Tedlar bags were analyzed immediately after each
run using a gas filter correlation CO2 analyzer, gas filter
correlation CO analyzer, chemiluminescence NOx ana-
lyzer, and FID THC analyzer. SF6 was analyzed using a
portable GC with an electron capture detector.

GASEOUS EMISSION RATES

After analysis of the Tedlar bag samples, LD and HD
emission rates were calculated for CO2, CO, NO/NOx, and
THC. The CO2, CO, NO, NOx, and THC emission rates and
regression data are presented in Figures 42, 43, 44, 45, and
46, respectively. Inlet and outlet concentrations for the 20
experimental runs along with vehicle counts, volumetric
airflow data, and run-specific emission rates are presented
in Appendix H. The LD and HD emission factors and their

Figure 46. Regression of observed, nonzero THC emission rates (g/veh-
mi) versus fraction of HD vehicles. A fraction of 0 represents the pure LD
emission rate, while a fraction of 1 represents the pure HD emission rate.
The emission rate was calculated by multiplying the fraction of HD 7–8
by 1.7879 and adding 0.6496.

Figure 47. Regression of observed NO and NOx emission rates, used to
correct for missing NOx data for five runs. The NOx emission rate was cal-
culated by multiplying the NO emission rate by 1.2028 and adding 0.4785.
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associated uncertainty, along with the results of the 1992
study (Pierson et al 1996), are contained in Table 19.

In a number of cases, CO and THC concentrations were
close to the detection limits of the instruments, leading to
zero or negative calculated emission rates. Data from these
runs were excluded from the regression analysis. For
eleven of the twenty runs, NOx data were missing but NO
data was available (Appendix H). Figure 47 compares the
data from runs with both NO and NOx data. Using the
regression equation presented in Figure 47 and the avail-
able NO data, we estimated the missing NOx data and
these results are shown in Figure 45 and Table 19.

Table 19 presents both the 1992 (Pierson et al 1996) and
1999 gaseous emission factors. In the 1992 experiment,
THC was not measured but non-CH4 hydrocarbons were
determined from the sum of the species after analysis of
the collected canister samples. THC contains CH4, hence
this value should be higher than a concurrent non-CH4
hydrocarbons value.

For the LD fraction of the fleet, emissions of CO2 did not
change between 1992 and 1999. This is likely due to the
increased fraction of fuel inefficient sport utility vehicles.
On the other hand, HD CO2 emissions decreased by 25%.
Light-duty CO emissions decreased by 36% over the
seven-year period. Considering the regression result
(Figure 43), the HD CO emission rate was slightly negative
and is likely below our ability to measure. As stated above,
in 1992 we did not measure THC, only non-CH4 hydrocar-
bons. Thus the values in Appendix H are not directly com-
parable to each other.

Differences in the LD NO and NOx emission rates are
within the uncertainty of the data, while HD NO and NOx
may have increased slightly. Given the recent controversy
over HD NOx emissions, this issue is explored more deeply
in the next section.

IMPACT OF TECHNOLOGY ON NOx EMISSIONS

Recent results suggest that emissions of NOx from new
technology HD vehicles increase as much as 50% to 80%

during steady-state/highway cruise operation (Walsh
1998). As previously described, tunnel measurements
enable one to assess changes in technology on vehicle
emissions and to determine whether these vehicles are
being adjusted to cleaner levels. In the Tuscarora Tunnel in
1999, approximately 50% of the diesels were assumed to
have been built after 1992 (see American Automobile
Manufacturers’ Association 1997). Given the impact of
regulations on HD diesel emissions, NOx emissions from
this fraction of the fleet should have decreased by 18%
(the standard prior to 1991 was 6 g/bhp-hr and 5 g/bhp-hr
for vehicles newer than 1991). When compared with the
1992 HD NOx emission rate measured at the same site
(Pierson et al 1996), we should have observed an overall
decrease in the HD NOx emission rate of at least 9%. If
any program led to increased NOx emissions under
steady-state conditions, however, the overall HD NOx
emission rate would have decreased by a smaller amount
or, more likely, have increased. Comparing the results of
the 1992 study (Pierson et al 1996) with the results of the
current study enabled us to assess what, if any, changes
in HD NOx emissions occurred.

In our previous studies we also determined the
NOx/CO2 ratio (Pierson et al 1996), which eliminates the
impact of changes in fuel economy on emissions. Gertler
and colleagues (1997a) applied this method to assess the
impact of California phase 2 reformulated gasoline on LD
emissions. Since the CO2 emission rate for the new tech-
nology vehicles should have decreased based on improved
fuel economy, the NOx/CO2 ratio would be more sensitive
to changes in NOx emissions than the absolute NOx emis-
sion rate, increasing the sensitivity of the experiment.

Considering the grams per mile emission factors pre-
sented in Appendix H, the 1992 and 1999 HD NOx emis-
sion results were within the measurement uncertainty,
while the corresponding CO2 emission factor decreased.
The ratio NOx/CO2 should enable us to determine whether
NOx emissions changed relative to fuel consumption.
Graphs of the run-by-run NOx/CO2 ratios for 1992 and

Table 19. LD and HD Gaseous Emission Factors (± SE) for 1992 Tuscarora Mountain Tunnel Experiment by Pierson and 
Colleagues (1996) and Current Study

LD 1992 LD 1999 HD 1992 HD 1999

CO2 g/mi 232 ± 12 249 ± 24 1596 ± 39 1197 ± 117
CO g/mi 4.89 ± 0.49 3.11 ± 1.09 6.03 ± 1.61 NDa

NO g/mi as NO2 0.41 ± 0.23 0.68 ± 0.11 18.27 ± 0.76 19.1 ± 3.1
NOx g/mi as NO2 0.39 ± 0.26 0.36 ± 0.06 19.46 ± 0.85 22.1 ± 3.9
THC g/mi 0.29 ± 0.06b 0.65 ± 0.34 0.68 ± 0.20b 2.4 ± 1.3

a Below detection limit.

b Measured hydrocarbon value for the 1992 experiment is for NMHC.
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1999 are presented in Figures 48 and 49, respectively.
From the 1992 data, we observed a NOx/CO2 ratio of
0.0147. In 1999 this ratio was 0.0217, an increase of almost
48%. Based on this analysis, a large number of HD vehicles
operating in the Tuscarora Mountain Tunnel in 1999 were
programmed in such a manner as to greatly increase NOx
emissions while improving fuel economy.

SUMMARY AND CONCLUSIONS

This study was designed to characterize size-segregated
and chemically speciated particulate emissions from real-
world HD and LD vehicles and measure semivolatile
hydrocarbons, PAHs, CO, CO2, THC, and NOx emission
rates. We measured on-road emissions in the west-bound
bore of the Tuscarora Mountain Tunnel on May 18 to 23,
1999. This two-bore tunnel is almost a mile long, straight,
and flat. Most traffic operates under hot-stabilized condi-
tions with minimal variability in speed or acceleration. We
were able to measure emissions from a mixed fleet (11.5%
to 83.0% HD 7–8 diesel vehicles) by measuring at different
times of day. By measuring over such a broad range of fleet
composition, we were able to separate the HD and LD
emission rates by regression analysis.

The PM2.5 mass emission factor for HD vehicles was
0.217 ± 0.029 g/mi (0.135 ± 0.018 g/km) based on a gravi-
metric analysis of collected filter samples. The LD PM2.5
mass emission factor was 0.022 ± 0.021 g/mi (0.014 ±
0.013 g/km). PM2.5 mass emission factors were also esti-
mated using a reconstructed mass based on the speciated
chemical analysis of the filter samples. Mass emission
factors calculated in this manner were approximately
50% greater than the value derived from the gravimetric

analysis. PM10 mass emission factors were calculated
from DustTrak sampler data. The PM10 mass emission
factors for HD and LD vehicles were 0.292 ± 0.021 g/mi
(0.181 ± 0.013 g/km) and 0.016 ± 0.018 g/mi (0.010 ±
0.011 g/km), respectively. The observed PM2.5/PM10 ratio
of 0.74 is consistent with results of previous on-road
studies.

Comparing the HD vehicle PM mass emission factors
from this study with those obtained in other tunnel studies
performed over the past 25 years showed a dramatic
decline in the PM emission rate. Overall, the HD PM mass
emission rates decreased by more than a factor of 6 during
this period. Likely reasons for this decrease are improved
vehicle technology and fuel.

Observed LD PM emission factors were 8 to 10 times
lower than HD mass emission factors with associated
uncertainties approximately equal to the values calculated
from the regression analysis. Since many more LD vehicles
are operative on-road than HD vehicles, the PM contribu-
tion from the LD fraction of the fleet may exceed that from
the HD fraction. Given the uncertainty in LD emission fac-
tors, further study is warranted to assess the PM contribu-
tion from LD vehicles. Studies could include additional
tunnel measurements designed to evaluate emissions from
the LD fleet, receptor modeling capable of separating the
PM contributions from LD and HD vehicles, and on-road
measurements of individual vehicles using PM remote
sensing instrumentation.

The large decrease in emissions led to an increase in the
uncertainty in the chemically speciated measurements.
Many species were near or below the analytic detection
limits. The major chemical species associated with PM2.5
emissions were OC and EC, which constituted 66% and
11% of the LD PM2.5 mass and 49% and 48% of the HD
PM2.5 mass. Emission rates of crustal species were similar

Figure 48. NOx/CO2 ratios for the 1992 Tuscarora Mountain Tunnel
experiment (Pierson et al 1996). The 1992 NOx/CO2 ratio was calculated
by multiplying the fraction of HD 7–8 by 0.0092 and adding 0.0055.

Figure 49. NOx/CO2 ratios for the 1999 Tuscarora Mountain Tunnel
experiment. The 1999 NOx/CO2 ratio was calculated by multiplying the
fraction of HD 7–8 by 0.0141 and adding 0.0076.
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for LD and HD vehicles, implying they may have a source
other than exhaust.

LD and HD emission profiles generated in this study
were similar to those observed in previous on-road
studies. Differences were observed when comparing the
results of this study with those obtained from dynamom-
eter tests. Species related to crustal material were higher in
the current study, likely due to resuspended road dust.
OC/EC ratios were highly variable in the dynamometer
test, making a direct comparison difficult. Because of sig-
nificant variability in the chemical composition of dyna-
mometer-derived profiles (Gillies and Gertler 2000),
researchers should be cautious about using OC/EC ratios
as a tracer for diesel emissions or applying chemical pro-
files for LD and HD emissions.

Tenax and PUF/XAD samples were collected and ana-
lyzed for C8 to C20 hydrocarbons (semivolatile hydrocar-
bons) and PAHs, respectively. In terms of the hydrocarbons,
the most prominent finding was the greater emission rates
associated with the HD fraction of the fleet. Compared
with our 1992 experiment (Sagebiel et al 1996), overall
hydrocarbon emissions were significantly lower. The
major difference was the greater decrease in HD emissions
compared with the 1992 values rather than the decrease in
LD emissions. This suggests that emissions from the HD
fraction of the fleet have decreased faster than emissions
from the LD fraction of the fleet. During this period the HD
hydrocarbon standard did not change, while the PM stan-
dard decreased by a factor of 2.5. For LD vehicles, there is
no PM standard, while the hydrocarbon standard
decreased from 0.41 g/veh-mi to 0.25 g/veh-mi. This
decrease in the PM standard for HD vehicles, accom-
plished through implementation of new technologies and
cleaner fuels, may be responsible for the reduction in
observed HD semivolatile hydrocarbon emission rate
between the 1992 and 1999 experiments. PAH emission
rates were similar to those previously observed (Zielinska
et al 1996).

Size-segregated samples were collected using a DRUM
sampler. As with the PM2.5 samples, many species were at
or below the detection limit. Hydrogen (likely due to OC),
the major component of the 2.5 to 1.15 µm and 1.15 to
0.56 µm fractions, was followed by iron. The 0.56 to
0.34 µm fraction, while still dominated by hydrogen,
exhibited large contributions from sulfur, iron, and crustal
components. The 0.34 to 0.24 µm fraction, also dominated
by hydrogen and sulfur, had major contributions from
crustal material and lead. The major contributor to the 0.24
to 0.07 µm fraction was hydrogen, but sulfur and the
crustal components comprised a much higher fraction
than was observed in the other size ranges. The elements
in the DRUM afterfilter (< 0.07 µm) were dominated by
sulfur, likely due to emission of sulfuric acid. Separation
of the LD and HD components enabled us to evaluate dif-
ferences in speciated emission rates among the DRUM size

fractions.  The primary differences were increased
hydrogen emissions from HD vehicles in the 1.15 to
0.56 µm and 0.34 to 0.24 µm size ranges and sulfur in the
0.24 to 0.07 µm size range.

Particle number distributions were determined using a
SMPS. Subtracting inlet size distribution data from outlet
size distribution data did not affect the size parameters of
the outlet distributions but did reduce the integrated
number counts. All periods were dominated by particles
in the ultrafine fraction (< 0.1 µm) with the total particle
concentration in the nucleation mode as high as 96%. For
periods with the greatest fraction of HD vehicles (65 to
79%), the CMD was 17 to 16 nm. For periods with lower
HD fractions (13 to 15%), the CMD decreased to 13 nm.
Above the 30% HD fraction, the CMD did not decrease.
Particle emission rates were also estimated. For the
periods with the lowest HD fraction (and lowest number of
HD vehicles), the production rate was approximately 5 ×
1012 particles/veh-km. For the higher HD fractions, par-
ticle production rates increased to between 2 and 3 ×
1013 particles/veh-km. This result confirms the laboratory
findings of Baumgard and Johnson (1996), who suggested
that HD vehicles emit large numbers of ultrafine particles
and that these particles are preserved under real-world
conditions. The results also indicate that LD vehicles con-
tribute to the emission of ultrafine particles but at a signif-
icantly lower rate than do HD vehicles. Based on the
DRUM data, the ultrafine particle composition is domi-
nated by sulfur, likely due to nucleation of sulfuric acid.

Emissions of CO, CO2, THC, and NOx were also measured
for this study. Compared with the results of our 1992 study
(Pierson et al 1996), CO emissions from LD vehicles
decreased, while the emission rates of the other species
were approximately the same. NO and NOx emission rates
from HD vehicles were also the same within the uncertainty
(standard error) of the measurement. The CO2 emission rate,
a measure of fuel economy, decreased by 25%. Comparing
the NOx/CO2 emission ratios for HD vehicles in 1992 to
1999, we observed a 48% increase. Based on fleet turnover,
this ratio should have decreased by at least 9%. This dis-
crepancy may be due to the large number of HD vehicles
that appear to have been programmed for improved fuel
economy at the expense of increased NOx emissions.

In conclusion, this study demonstrated the applicability
of highway tunnels for the assessment and measurement of
PM and gaseous emissions from on-road vehicles. By com-
paring measurements over a 25-year period, we were able to
quantify the reduction of PM emissions from the in-use fleet.
One limitation was the reduced emissions observed in the
current study. The reduction in emissions pushed the limits
of our analytic capabilities. Given the likely continued
decline in emission rates, future studies should employ
more sensitive PM collection and/or analytic methods or
longer sampling periods to reduce the uncertainty of the
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results. Additional studies are clearly warranted. Ques-
tions related to PM emission rates, emissions rates of
ultrafine particles, and changes in gaseous emission for LD
vehicles still need to be answered. The results of this study
provide a baseline against which the impact of future
changes in vehicle technology and fuel can be evaluated.
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APPENDIX A. Calculation of Emission Rates
in Tunnels

MEASURING EMISSION RATES

Determining the emission factors (g/km or g/mi)
requires knowing the passage of dilution air through the
tunnel, the concentrations in the entrance channels, and
the concentrations in the exit channels. The emission rate
of all vehicles in the tunnel is then, for a given species M,

where the Cout is the observed concentration of a given
species at the tunnel outlets, Vout is the volumetric air flow
out of the outlet channels, Cin is the observed concentra-
tion of a given species at the tunnel inlet, and Vin is the
volumetric air flow for the inlet channels.

For a tunnel operating without fans, as is usually the
case in the Tuscarora Mountain Tunnel, 

and Vout = Vin. There are two ways to determine Vout and
Vin. One is to measure the wind flux across each entrance
and exit by measuring the mean wind speed with anemom-
eters. Then the emission rate (E) of a given species is 

where N is the number of vehicles that went through the
tunnel during sampling and L is the tunnel length.

Another way to determine E, which strictly works only
for a tunnel with one inlet (all inlet fans shut off), is to
release SF6 (or other trace gas) and determine the volume
by the observed dilution. We employed both methods in
this experiment, but some SF6 was re-entrained into the
ventilation ducts, causing measurement errors and erro-
neous dilution values.

SEPARATING LD AND HD EMISSION RATES

Once E has been determined, the HD and LD compo-
nents can be separated as follows: If EHD is the emission
rate from the HD diesel vehicles and ELD is the emission
rate from the LD vehicles, for any run we can write

where x is the fraction of HD vehicles. This is the equation
of a straight line in x, 

so that the plot of a series of runs versus x gives a straight
line with intercepts ELD at x = 0 and EHD at x = 1. (Figure A.1
presents an example for NOx obtained in our 1992 study,
Pierson et al 1996). By choosing varying times of day and
night for performing the experimental measurements, a
wide range in the fraction of HD vehicles can be sampled,
minimizing extrapolation errors.

It may be argued that the E values are not strictly a single
value; that they vary from run to run depending on speeds,
traffic makeup variations from one run to the next, etc.
Under the conditions observed in previous experiments, this
variability is not as great as one might think (see Figure A.1)
and the LD and HD emission rates can be separated. 

APPENDICES AVAILABLE ON REQUEST

Seven appendices may be obtained by contacting the
Health Effects Institute at Charlestown Navy Yard, 120

M = ΣCoutVout − ΣCinVin 

M = CoutVout − CinVin

E = M/NL 

E = ELD(1 − x) + (EHD)x

E = ELD + (EHD − ELD)x

Figure A.1. Example of separation of LD and HD NOx emissions from the
1992 Tuscarora Mountain Tunnel experiment (Pierson et al 1996). The
emission factors were calculated by multiplying the fraction HD by 19.526
and adding 0.393.
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Second Avenue, Boston MA 02129 USA, by phone (+617-
886-9330), fax (+617-886-9335), or e-mail (pubs@healthef-
fects.org). Please give the full title of the Research Report,
the first author’s name, and the title of the appendix you
wish to request. The appendices available on request are:

Appendix B. Run-by-Run Emissions Rates; 

Appendix C. Background, Inlet, and Outlet SMPS
Results; 

Appendix D. DRI SMPS Components; 

Appendix E. Relative Humidity Measurements Taken at
the SMPS Sampling Sites; 

Appendix F. Evaluation of SMPS Performance; 

Appendix G. Calibration Protocols for Gas Analyses;
and

Appendix H. Vehicle Counts, Volumetric Airflow, Inlet
and Outlet Concentrations, and Calculated Emission Fac-
tors for 20 Experimental Runs.
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INVESTIGATORS’ REPORT

Airborne Carbonyls from Motor Vehicle Emissions in Two Highway Tunnels

Daniel Grosjean and Eric Grosjean

ABSTRACT

Carbonyls (aldehydes and ketones) continue to receive
scientific and regulatory attention as toxic air contami-
nants, mutagens, and carcinogens. Vehicle emissions are a
major source of carbonyls in outdoor air, but information
about the nature and magnitude of carbonyl emissions by
motor vehicles is limited. The objective of this study was
to identify speciated carbonyls emitted by motor vehicles
under real-world, on-road conditions and to calculate on-
road carbonyl emission factors.

We collected air samples at the inlet and outlet of two
highway tunnels, the Caldecott Tunnel near San Francisco
and the Tuscarora Mountain Tunnel in Pennsylvania. At
the Caldecott Tunnel, the fleet consisted almost entirely of
light-duty (LD*) vehicles that used California phase 2
reformulated gasoline. Vehicle count, speed and other
parameters relevant to carbonyl emissions were nearly the
same from one assessment to the next. At the Tuscarora
Mountain Tunnel, the fleet included LD vehicles and
heavy-duty (HD) diesel trucks. This part of the study was
designed to capture differences in percentage of LD and HD
vehicles from one assessment to the next. Air downstream
of KI oxidant scrubbers was sampled on silica gel cartridges
coated with 2,4-dinitrophenylhydrazine (DNPH). Carbo-
nyls were identified as their DNPH derivatives by liquid

chromatography (LC) with detection by diode-array, UV-vis-
ible spectroscopy and by atmospheric pressure negative-ion
chemical ionization mass spectrometry (MS).

About 100 carbonyls were identified. For about 30 of
these carbonyls, concentrations were measured at the inlet
and outlet of both tunnels. This information was used to
calculate on-road carbonyl emission factors for LD vehi-
cles (Caldecott Tunnel) and for the overall fleet (Tuscarora
Mountain Tunnel). At the Tuscarora Mountain Tunnel,
data for the fleet were used to calculate carbonyl emission
factors for LD vehicles and for HD diesel trucks, the
majority of which were weight class 7–8 trucks. Carbonyl
emission factors at the Caldecott Tunnel were calculated as
milligrams of emissions per liter of fuel consumed. Those
at the Tuscarora Mountain Tunnel were calculated as mil-
ligrams of emissions per distance traveled and then con-
verted to milligrams per liter using the fuel economy
reported by Gertler et al (2000) for this tunnel (14.75 km/L
for LD vehicles and 3.15 km/L for HD vehicles).

At the Caldecott Tunnel, the LD vehicles emission factor
was 68.4 mg/L for total measured carbonyls; the ten most
abundant carbonyls were, in decreasing order, formalde-
hyde, acetaldehyde, benzaldehyde, acetone, m-tolualde-
hyde, p-tolualdehyde, methacrolein, o-tolualdehyde, 2,5-
dimethylbenzaldehyde, and crotonaldehyde. At the Tusca-
rora Mountain Tunnel, the LD emission factor was
94.9 mg/L for total measured carbonyls; the ten most abun-
dant carbonyls were formaldehyde, acetone, acetaldehyde,
heptanal, crotonaldehyde, 2-butanone, propanal, acrolein,
methacrolein, and benzaldehyde. The weight class HD 7–8
vehicle emission factor at the Tuscarora Mountain Tunnel
was 82.1 mg/L for total measured carbonyls; the ten most
abundant carbonyls were formaldehyde, acetaldehyde,
acetone, crotonaldehyde, m-tolualdehyde, 2-pentanone, a
C5 saturated aliphatic carbonyl, 2-butanone, benzalde-
hyde, and methacrolein. The most abundant carbonyl was
formaldehyde, which accounted for 45.4% (Caldecott, LD
vehicles), 40.1% (Tuscarora Mountain, LD vehicles), and
25.8% (Tuscarora Mountain, HD vehicles) of total mea-
sured carbonyl emissions. 

* A list of abbreviations and other terms appears at the end of this Investi-
gators’ Report.

This Investigators’ Report is part of Research Report 107, Emissions from
Diesel and Gasoline Engines Measured in Highway Tunnels, which also
includes an Investigators’ Report by Alan Gertler and others, a Preface, a
Commentary by the Health Review Committee, and an HEI Statement about
the research projects. Correspondence concerning this Investigators’ Report
may be addressed to Dr Daniel Grosjean at DGA, Inc, 4526 Telephone Road,
Suite 205, Ventura CA 93003.

Although this document was produced with partial funding by the United
States Environmental Protection Agency under Assistance Award
R82811201 to the Health Effects Institute, it has not been subjected to the
Agency's peer and administrative review and therefore may not necessarily
reflect the views of the Agency, and no official endorsement by it should be
inferred. The contents of this document also have not been reviewed by
private party institutions, including those that support the Health Effects
Institute; therefore, it may not reflect the views or policies of these parties,
and no endorsement by them should be inferred.
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The three most abundant carbonyls, formaldehyde, ace-
taldehyde, and acetone, together accounted for 63.0%
(Caldecott, LD vehicles), 76.5% (Tuscarora Mountain, LD
vehicles), and 50.5% (Tuscarora Mountain, HD vehicles) of
total carbonyl emissions. At the Tuscarora Mountain
Tunnel, HD vehicles emitted more unsaturated carbonyls,
aromatic carbonyls, and dicarbonyls (as a percentage of
total carbonyl emissions) than did LD vehicles. For LD
vehicles, less acetone and more aromatic carbonyls (as a
percentage of total carbonyl emissions) were emitted at the
Caldecott Tunnel than at the Tuscarora Mountain Tunnel.

The highway tunnel studies described in the main body
of the report also offered an opportunity to examine the role
of the sampling substrate, a critical aspect of the carbonyl
sampling protocol. The results are described in Appendix
A. Co-located samples, one collected using a DNPH-coated
silica gel cartridge and the other using a DNPH-coated C18
cartridge, were collected downstream of KI oxidant scrub-
bers at the inlet and outlet of the Caldecott Tunnel. Statis-
tical comparisons of the concentrations measured for about
30 carbonyls indicated good agreement between silica gel
cartridges and C18 cartridges for about 25 carbonyls,
including formaldehyde and acetaldehyde. Concentrations
of acetone and 2-butanone measured using C18 cartridges
were lower than those measured using silica gel cartridges.

INTRODUCTION

Carbonyls (aldehydes and ketones) continue to receive
scientific and regulatory attention as toxic air contami-
nants, mutagens and carcinogens (Goldmacher and Thilly
1983; Shepson et al 1986; World Health Organization
1995; International Agency for Research on Cancer 1995
and references therein). Carbonyls are emitted by mobile
and stationary sources, including indoor sources (National
Research Council 1981; Weschler et al 1992), and are
formed as major products by atmospheric oxidation of
hydrocarbons and other volatile organic compounds
(Carter 1990; Atkinson 1997; Grosjean and Grosjean 1997).
Carbonyls are also important precursors to ozone and
other toxic products such as peroxyacyl nitrates (Carter
1990; Grosjean et al 1993).

Motor vehicles are a major source of carbonyls in out-
door air (National Research Council 1981; Kirchstetter et
al 1996). Detailed information on vehicle emission of
carbonyls is necessary to assess the contribution of
vehicle emissions to ambient carbonyl levels, to estimate
population exposure and possible adverse health effects,
and to examine the role and importance of vehicle-

emitted carbonyls in the formation of ozone, peroxyacyl
nitrates and other toxic products. Thus, the objective of
this study was to identify carbonyls emitted by motor vehi-
cles and to calculate the corresponding emission factors.

The literature contains little information about carbonyls
in vehicle emissions. Past studies of vehicle exhaust in
dynamometer tests (Stump et al 1990; Hoekman 1992;
Auto/Oil Air Quality Improvement Research Program 1993;
Gabele 1995; Schauer et al 1999) and in highway tunnels
(Gregori et al 1989; Pierson et al 1996; Sagebiel et al 1996;
Zielinska et al 1996; Kirchstetter et al 1996, 1999a,b; Fraser
et al 1998) have been limited to identifying formaldehyde,
acetaldehyde, and less frequently, several other low molec-
ular weight carbonyls. Higher molecular weight carbonyls
have seldom been identified and their vehicle emission fac-
tors have not been determined. Little is known about on-
road carbonyl emissions from HD diesel vehicles (Schauer
et al 1999). A recent study suggests that carbonyls may be
major components of diesel exhaust and may account for
most of its ozone-forming potential (Siegl et al 1999).

Detailed information on vehicle emissions of carbonyls
is also required to address regulatory decisions regarding
fuel composition. For example, use of the oxygenated
additive methyl tert-butyl ether (MTBE) is being phased
out from reformulated gasoline sold in California (Gov-
ernor G Davis 1999). This process is to be completed in
California by the end of 2002 and is being considered at
the federal (United States) level (along with the possible
replacement of MTBE by ethanol; Hogue 2000). The com-
position of diesel fuel is also likely to change as a result of
more stringent regulations on emissions from diesel vehi-
cles. Changes in fuel composition will change the compo-
sition and reactivity of vehicle-emitted carbonyls. As fuel
composition and vehicle technology continue to evolve, it
is important to characterize current on-road emissions of
carbonyls to provide baseline data for future studies.

In the study described here, airborne carbonyls were mea-
sured in two highway tunnels, the Caldecott Tunnel in Cali-
fornia and the Tuscarora Mountain Tunnel in Pennsylvania.
This information was used to calculate the corresponding
on-road emission factors for LD vehicles (Caldecott Tunnel)
and for the overall vehicle fleet (Tuscarora Mountain
Tunnel). Design of the Tuscarora Mountain Tunnel study
made it possible to calculate, using data for the overall
vehicle fleet, carbonyl emission factors for LD and HD vehi-
cles. The highway tunnel studies also offered an opportunity
to examine the role of the sampling substrate, a critical
aspect of the carbonyl sampling protocol. Results of this
comparison are described in Appendix A.
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EXPERIMENTAL METHODS

FIELD MEASUREMENTS AT TUSCARORA
MOUNTAIN TUNNEL

The Tuscarora Mountain Tunnel is a two-bore tunnel,
with two lanes in each bore, on the Pennsylvania Turnpike
(Interstate 76). It runs east to west through Tuscarora Moun-
tain (tunnel altitude = about 305 m) about 112 km west of
Harrisburg. The 1623-meter tunnel is straight and flat
(upward grades of 0.3% toward the middle from either end).
Pierson and colleagues (1996) give a schematic diagram of
the tunnel. Additional information regarding the Tuscarora
Mountain Tunnel and the design and results of vehicle
emission studies carried out in this tunnel in 1992 and 1999
can be found in Pierson and colleagues (1996) and Gertler
and colleagues (2000), respectively. Vehicle emissions were
measured in the eastbound bore for our study.

The fleet studied consisted of interstate traffic using fuel
from a variety of sources (some near the tunnel, some from
neighboring states). We did not analyze vehicle fuels,
which most likely met 1999 federal specifications for
reformulated gasoline and for diesel fuel.

The tunnel's ventilation system was not operated during
our study; airflow in the tunnel resulted entirely from the
eastbound vehicle traffic and the prevailing westerly wind.
Wind speed in the tunnel was measured continuously with
four anemometers, two at the tunnel inlet and two at the
tunnel outlet. Mean air residence time within the tunnel
was 5 ± 1 minutes. Carbonyl samples were simultaneously
collected at the tunnel inlet and tunnel outlet, a few meters
within each portal. Thus, air sampled at the inlet was

essentially ambient air (the air residence time from the
portal to the inlet sampling location was about 1 second),
and air sampled at the outlet was predominantly tunnel
air. Pollutants emitted in the tunnel were from vehicles
operated in the hot stabilized mode; cold-start and hot-
start operations were inconsequential in the eastbound
direction (Pierson et al 1996; Gertler et al 2000).

Ten assessments, each lasting one hour, were carried out
between May 18 and May 21, 1999. For each assessment,
records were made for day and time, total number of vehi-
cles and vehicle type (LD, class HD 4–6 or class HD 7–8), the
mean model year for LD vehicles, and the mean vehicle
speed. Class HD 4–6 vehicles weigh up to 26,000 lb; class
HD 7 are 26,000 to 33,000 lb; and class HD 8 are over
33,000 lb. Air samples were collected at the tunnel inlet and
outlet for measurement of CO2, NO, and carbonyls (Table 1). 

FIELD MEASUREMENTS AT CALDECOTT TUNNEL

The Caldecott Tunnel, situated on California state
highway 24 near Berkeley, connects the inland communities
of Contra Costa County with Oakland, Berkeley and San
Francisco. The 1,100 meter tunnel has three traffic bores of
two lanes each. Because HD vehicles are excluded from the
center bore, this bore was used as the sampling location for
this study. The grade in the tunnel is 4.2% with eastbound
traffic headed uphill. The tunnel's ventilation fans were
turned off during this study, and the only longitudinal air-
flow was caused by the flow of traffic through the tunnel and
prevailing winds. Additional information regarding the Cal-
decott Tunnel and the results of emission studies carried out
here between 1994 and 1999 have been published (Kirch-
stetter et al 1996, 1999a,b; Kean et al 2000).

Table 1. Measurements at Tuscarora Mountain Tunnel on May 18 to 21, 1999

Day
Start 

Timea

Number of Vehicles
HD
(%) 

Mean LD
Model 
Year

Mean 
Speed
(mph)

NO (ppb) CO2 (ppm)

LD HD 4–6 HD 7–8 Total Inlet Outlet Inlet Outlet

Tue 2200 104 10 179 293 64.5 1993.5 57.0 292. 1950 428 558

Wed 2400 31 4 171 206 85.0 1993.5 54.9 316. 1968 451 568
0200 26 10 156 192 86.5 1991.1 55.1 459. 2113 476 590
1900 240 14 200 454 47.1 1994.8 57.7 241. 1714 387 506
2100 148 20 191 359 58.8 1994.3 54.4 49. 2133 384 536
2300 70 4 178 252 72.2 1993.6 53.6 13. 1999 384 515

Thu 0100 43 6 152 201 78.6 1994.3 55.0 12. 1888 387 507
1600 505 23 202 730 30.8 1994.8 53.2 35. 1975 371 541

Fri 0500 88 9 151 248 64.5 1993.7 58.1 574. 2233 486 602
1700 706 16 92 814 13.3 1994.7 56.9 153. 1223 385 534

a All measurement periods in Tuscarora Mountain Tunnel lasted 1 hour.
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Sampling points in the center bore were located at 11 m
from the inlet (west end) and about 50 m from the outlet
(east end). Measurements were made on eight weekdays
between July 20 and August 5, 1999 (Table 2), between
16:00 and 18:00 hr (afternoon commuter peak) when vehi-
cles were traveling eastbound (uphill). Carbonyl samples
were simultaneously collected at the tunnel inlet and
tunnel outlet for two hours. The mean traffic count was
4,200 ± 80 vehicles/hr. Traffic consisted almost entirely of
LD vehicles that used California phase 2 reformulated gaso-
line. On average, the vehicle fleet in the center bore con-
sisted of 62.4% cars, 37.4% LD trucks (pickups, minivans,
and sport utility vehicles), and 0.1% HD vehicles. Typical
vehicle speeds at the tunnel inlet and outlet were 52 ± 4 and
71 ± 5 km/hr (32.5 mph and 44.4 mph), respectively, and
the general pattern of driving involved steady acceleration
throughout the tunnel. Pollutants emitted in the center bore
were from vehicles operated in the hot-stabilized mode;
cold-start and hot-start operations were inconsequential in
all assessments.

CARBONYL SAMPLING AND ANALYSIS

Carbonyl samples were collected by drawing air
through DPNH-coated silica gel cartridges (Waters Cor-
poration). All samples were collected downstream of a
KI oxidant scrubber (Waters Corporation) connected to
the cartridge by Teflon tubing (1 inch long, 0.25 inches in
diameter). The sampling flow rates were 0.407 to
0.700 L/min (as measured by flowmeters calibrated with
a certified, NIST-traceable flow calibrator [Humonics

model 650]). Sampling duration was 60 minutes at Tus-
carora and 120 minutes at Caldecott. Samples and field
controls were eluted with acetonitrile, and aliquots of
the extracts were analyzed by LC with detection by
diode-array UV-visible spectroscopy and by atmospheric
pressure negative-ion chemical ionization MS. The oper-
ating conditions and overall analytic protocol have been
described in detail (Grosjean et al 1999). Carbonyls were
positively identified by matching the retention times,
UV-visible absorption spectra, and spectra of their DNPH
derivatives to those of about 150 carbonyl-DNPH refer-
ence standards synthesized in our laboratory (Grosjean et
al 1996, 1999).

 Response factors measured with carbonyl-DNPH refer-
ence standards (Grosjean et al 1996, 1999) were used for
quantitative analysis. Twenty-five percent of the samples
were analyzed twice. The relative standard deviations
(RSD) for these replicate analyses were 1% to 10% for all
carbonyls. All cartridges were eluted twice with acetoni-
trile, and no detectable amounts of carbonyls could be
measured in aliquots of the second elution.

Results described in this report are based on samples col-
lected on DNPH-coated silica gel cartridges. In addition, the
performance of DNPH-coated silica gel cartridges was com-
pared with the performance of co-located DNPH-coated C18
cartridges at the Caldecott Tunnel (Appendix A).

DATA ANALYSIS AND CALCULATIONS

Carbonyl Emission Factors

Carbonyl emission factors can be calculated on the basis
of distance traveled (mg/km) or of fuel consumed (mg/L)
by converting the units milligrams per kilometer to milli-
grams per liter using the mean vehicle fuel economy
(km/L). At the Tuscarora Mountain Tunnel, carbonyl emis-
sion factors were calculated on a distance-traveled basis:

where EFi is the emission factor for assessment i, N is the
traffic count (number of vehicles/assessment); L is the
tunnel length (distance between the inlet and the outlet
sampling locations); C is the measured concentration of
the carbonyl of interest; V is the volume calculated from
the measured cross section of the tunnel, the mean wind
speed during the assessment, and the duration of the
assessment, and ex and en denote tunnel outlet and tunnel
inlet, respectively (Pierson et al 1996).

EFi

CexVex( ) CenVen( )–

NL
-----------------------= (1)

Table 2. Measurements at Caldecott Tunnel between 
July 20 and August 5, 1999a

NOx (ppm) CO (ppm) CO2 (ppm)

Day Inlet Outlet Inlet Outlet Inlet Outlet

Tue 0.16 1.53 2.5 18.7 472 1111
Wed 0.19 1.50 2.9 19.7 466 1097

Tue 0.18 1.37 2.5 18.3 472 1069
Wed 0.22 1.51 2.7 18.5 472 1135
Thu 0.21 1.55 2.4 19.3 486 1097

Tue 0.23 1.42 2.7 19.7 500 1054
Wed 0.22 1.41 2.8 18.8 486 1081
Thu 0.28 1.48 3.9 21.2 486 1081

a Data from Kean et al (2000). All assessments were carried out on 
weekdays for 2 hours (1600 to 1800 hr). The traffic averaged 
4,200 ± 80 vehicles/hr, and mean vehicle speeds were 52 ± 14 km/hr at 
the tunnel inlet and 71 ± 5 km/hr at the outlet. 



61

D Grosjean and E Grosjean

At the Caldecott Tunnel, carbonyl emission factors were
calculated on a fuel-consumed basis by carbon balance
using the following equation:

where ∆CO and ∆CO2 are the concentration increases for
CO and CO2, measured between tunnel inlet and tunnel
outlet; MWi is the molecular weight of the carbonyl
i (g/mol); MWC is the molecular weight of carbon,
12 g/mol; wC is the weight fraction of carbon in gasoline,
0.85; and dg is the gasoline density, 740 g/L (Kirchstetter et
al 1996). Note that hydrocarbons, carbonyls, and other gas
phase organic compounds (eg, MTBE) have been ignored
in the denominator of equation 2 because their contribu-
tion to total carbon concentrations in the tunnel is negli-
gible compared with that of CO2.

Emission Factors for LD and HD Vehicles

To estimate LD and HD emission factors at the Tuscarora
Mountain Tunnel we constructed plots of the measured
carbonyl emission factor versus the fraction of HD vehicles
according to the following equation (Pierson et al 1996):

where EFi is the measured carbonyl emission factor in
assessment i; αi is the fraction of HD vehicles in assess-
ment i; EFHD is the carbonyl emission factor for HD vehi-
cles and EFLD is the carbonyl emission factor for LD
vehicles. According to equation 3, a plot of EFi versus αi
should yield a straight line with intercepts of EFLD at αi = 0
and EFHD at αi = 1.0. The limitations of this approach, in
which it is assumed that each assessment involves the
same mixture of LD and HD vehicles (eg, model year, high
vs low emitters) and the same driving conditions, have
been discussed elsewhere (Pierson et al 1996; Sagebiel et
al 1996; Zielinska et al 1996).

Using equation 3, we carried out linear least squares
regressions of the experimental data using two values of αi,
one being the fraction of total HD vehicles (HD 4–6 plus HD
7–8) and the other being the fraction of HD 7–8, which
accounted for most of the HD vehicles in all tunnel assess-
ments (see Table 1). We repeated this regression analysis
with outliers deleted of both αi being the fraction of total HD,
and αi being the fraction of HD 7–8. Outliers (points outside
SD of the regression slope) were identified by examination of
the scatterplots for each carbonyl and for both values of αi.

RESULTS

CARBONYLS IDENTIFIED AND THEIR 
CONCENTRATIONS

Thirty-one carbonyls were identified in air samples from
the Tuscarora Mountain Tunnel and thirty-two carbonyls
were identified in air samples from the Caldecott Tunnel.
Mean carbonyl concentrations measured at tunnel inlets
and outlets are listed in Tables 3 and 4 along with the cor-
responding RSD, the percentage of variability in carbonyl
concentration from one tunnel assessment to the next.
Mean differences between tunnel outlet and inlet concen-
trations with the corresponding RSD are also listed in
Tables 3 and 4. At the Caldecott Tunnel, where by design
only LD vehicles were sampled and the conditions were
very similar from one assessment to the next, RSDs were
low for most carbonyls; for example, the RSD for formalde-
hyde was 13%. At the Tuscarora Mountain Tunnel, where
the study was designed to capture a large and varying frac-
tion of HD vehicles, RSDs were substantially larger; for
example, the RSD for formaldehyde was 43%. Even though
vehicle transit times and air residence times in both tun-
nels were short (about 1 minute at Caldecott and about
5 minutes at Tuscarora), some loss of carbonyls inside the
tunnel cannot be ruled out. Therefore, measured differ-
ences between tunnel outlet and inlet concentrations may
be lower limits for actual vehicle emissions.

Some carbonyls listed in Tables 3 and 4 are identified as
isomers (a C5 and a C6 saturated aliphatic carbonyl and,
tentatively, a C6 unsaturated aliphatic carbonyl at the Tus-
carora Mountain Tunnel, and a C5 and two C6 saturated ali-
phatic carbonyls at the Caldecott Tunnel). Although
reference standards for these compounds were not avail-
able for positive identification, the molecular weight and
chemical functionality of the compound (aromatic or ali-
phatic; if aliphatic, saturated or not) could be determined
from the UV-visible absorption spectrum and the negative-
ion chemical ionization mass spectrum. Because isomers
with nearly identical retention times also have nearly
identical response factors (Grosjean et al 1996, 1999), con-
centrations of those C5 and C6 aliphatic carbonyls that
were not positively identified could be reported using the
measured response factor of the closest eluting isomer for
which a reference standard was available. The two entries
"and/or isomers," one for 2,4-dimethylbenzaldehyde and
the other for 2,4,6-trimethylbenzaldehyde, indicate that a
reference standard was available for positive identification
but that isomers of these compounds (which often have
almost identical retention times, UV-visible spectra, and
mass spectra) could not be ruled out. For 2–pentanone,

EFi
Cex Cen–

CO2∆ CO∆+
-------------------------------------

MWi

MWC
---------------× wCdg×= (2)

EFi α iEFHD 1 αi–( )EFLD+= (3)
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which was positively identified in all samples from the Tus-
carora Mountain Tunnel, the possible presence of a co-
eluting compound with the same UV-visible spectrum could
not be ruled out from the MS data for samples collected at
the tunnel outlet. Thus, tunnel outlet concentrations and
vehicle emission factors for 2-pentanone at the Tuscarora
Mountain Tunnel may be upper limits for actual values.

In addition to the carbonyls listed in Tables 3 and 4, we
identified about 70 higher molecular weight carbonyls
(Table 5), bringing the total carbonyls identified in on-
road vehicle emissions to about 100. Their concentra-
tions were not measured and the corresponding vehicle
emission factors were not calculated. Of the 70 com-
pounds listed in Table 5, several could be positively iden-
tified; several could be identified but other isomers

Table 3. Mean Carbonyl Concentrations and Emission Factors at Tuscarora Mountain Tunnel, May 1999a

Carbonyl
Inlet

(µg/m3 ± RSD)
Outlet

(µg/m3 ± RSD)
Outlet Minus Inlet

(µg/m3 ± RSD)
Emission Factorb

(mg/km ± RSD)

Formaldehyde 1.72 ± 49 4.59 ± 19 2.99 ± 43 5.41 ± 41
Acetaldehyde 1.12 ± 58 2.25 ± 22 1.18 ± 26 2.19 ± 31
Acetone 2.43 ± 44 3.63 ± 16 1.25 ± 62 2.14 ± 38
Propanal 0.161 ± 51 0.345 ± 11 0.185 ± 40 0.33 ± 38

Acrolein 0.102 ± 36 0.315 ± 13 0.217 ± 21 0.41 ± 31
Crotonaldehyde 0.119 ± 36 0.435 ± 13 0.322 ± 19 0.61 ± 31
Methacrolein 0.095 ± 55 0.312 ± 23 0.225 ± 32 0.43 ± 41
2-Butanone (MEK) 0.206 ± 52 0.435 ± 21 0.238 ± 31 0.46 ± 45

Butanal 0.124 ± 39 0.214 ± 17 0.096 ± 31 0.19 ± 50
Benzaldehyde 0.241 ± 46 0.451 ± 22 0.222 ± 48 0.44 ± 66
o/m/p-Anisaldehyde 0.0058 ± 54 0.014 ± 22 0.008 ± 43 0.017 ± 67
2-Pentanonec 0.0055 ± 44 0.277 ± 21 0.282 ± 18 0.56 ± 46

C5 ALP ISM 0.0026 ± 65 0.248 ± 13 0.249 ± 13 0.49 ± 37
Isopentanal 0.0011 ± 65 0.031 ± 13 0.030 ± 15 0.059 ± 36
Glyoxal 0.0003 ± 65 0.093 ± 13 0.094 ± 13 0.184 ± 37
Pentanal 0.0014 ± 65 0.177 ± 13 0.178 ± 13 0.35 ± 37

Acetophenone 0.0005 ± 65 0.023 ± 13 0.023 ± 14 0.045 ± 37
o-Tolualdehyde 0.011 ± 58 0.105 ± 23 0.096 ± 21 0.19 ± 50
m-Tolualdehyde 0.064 ± 69 0.348 ± 23 0.294 ± 28 0.59 ± 51
p-Tolualdehyde 0.014 ± 69 0.147 ± 23 0.138 ± 23 0.28 ± 51

4-Methyl-2-pentanone (MIBK) 0.112 ± 38 0.140 ± 28 0.028 ± 12 0.054 ± 41
C6 UNSAT ISM (TENT) 0.150 ± 31 0.213 ± 15 0.067 ± 81 0.14 ± 96
Methylglyoxal 0.167 ± 69 0.289 ± 19 0.129 ± 62 0.23 ± 73
Hexanal 0.131 ± 79 0.239 ± 34 0.116 ± 65 0.21 ± 74

2,5-Dimethylbenzaldehyde 0.104 ± 84 0.276 ± 16 0.178 ± 47 0.34 ± 60
2,4-Dimethylbenzaldehyde/ISM 0.131 ± 34 0.180 ± 19 0.051 ± 84 0.097 ± 96
2-Oxobutanal 0.049 ± 96 0.062 ± 65 0.016 ± 65 0.029 ± 71
C6 ALP ISM 0.027 ± 94 0.074 ± 13 0.047 ± 65 0.08 ± 66
Biacetyl 0.148 ± 37 0.170 ± 32 0.023 ± 66 0.044 ± 89

Heptanal 0.142 ± 41 0.212 ± 35 0.073 ± 11 0.098 ± 68
2,4,6-Trimethylbenzaldehyde/ISM 0.079 ± 61 0.141 ± 23 0.062 ± 50 0.115 ± 56

a  All data are for samples collected on DNPH-coated silica gel cartridges downstream of a KI oxidant scrubber (n = 10 for tunnel outlet and n = 9 for tunnel 
inlet, outlet minus inlet, and emission factors).

b Emission factor was calculated according to equation 1.
c Possible upper limits for actual values as described in the text.
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could not be ruled out; several could only be identified
as isomers (for example, of the six carbonyls listed as C8
aliphatic carbonyls [numbers 1 to 6]); three were only
tentatively identified; and seven could not be identified.
Saturated aliphatic aldehydes identified included the
C8–C14 alkanals from octanal to tetradecanal. Saturated
aliphatic ketones included 2-heptanone, 2-decanone, 2-
dodecanone, and tentatively, cyclopentanone. Other satu-
rated aliphatic carbonyls (aldehydes and/or ketones)
included one C6 isomer (in addition to the two isomers listed
in Table 4), four C7 isomers, six C8 isomers, four C9 isomers,
four C10 isomers, two C11 isomers, two C12 isomers, two C13

isomers and four C14 isomers. Unsaturated aliphatic carbo-
nyls included the aldehydes 2-pentenal (and/or isomers)
and 2-decenal (and/or isomers); the ketones methyl vinyl
ketone, and tentatively, 6-methyl-5-hepten-2-one; and two
C8 compounds. Aromatic carbonyls included two dimeth-
ylbenzaldehydes and two trimethylbenzaldehydes (in
addition to those listed in Tables 3 and 4), indanone, the
unsaturated compound trans-cinnamaldehyde, a C4-sub-
stituted compound, and two unspecified aromatics. Ali-
phatic dicarbonyls included 2-oxopentanal, 2-oxohexanal,
2-oxoheptanal (and/or isomers), 2,3-pentanedione, 2,3-
hexanedione (and/or isomers), a C8 compound, a C10

Table 4. Mean Carbonyl Concentrations and Emission Factors at Caldecott Tunnel, July–August 1999a

Carbonyl
Inlet

(µg/m3 ± RSD)
Outlet

(µg/m3 ± RSD)
Outlet Minus Inlet

(µg/m3 ± RSD)
Emission Factorb

(mg/L ± RSD)

Formaldehyde 5.013 ± 19 20.46 ± 11 15.449 ± 13 31.04 ± 14.8
Acetaldehyde 1.520 ± 30 5.518 ± 12 3.997 ± 10 8.032 ± 12.3
Acetone 2.931 ± 25 4.935 ± 15 2.004 ± 13 4.025 ± 14.1
Propanal 0.235 ± 37 0.653 ± 13 0.417 ± 13 0.837 ± 12.9

Acrolein 0.080 ± 21 0.604 ±   9 0.524 ±   9 1.052 ± 10.4
Crotonaldehyde 0.226 ± 21 0.760 ± 11 0.535 ± 14 1.073 ± 14.7
Methacrolein 0.155 ± 29 0.978 ± 11 0.824 ±   9 1.656 ± 12.3
2-Butanone (MEK) 0.198 ± 37 0.476 ± 22 0.277 ± 16 0.558 ± 17.4

Butanal 0.148 ± 16 0.434 ± 18 0.286 ± 24 0.578 ± 27.6
Benzaldehyde 0.646 ± 17 3.079 ± 12 2.433 ± 14 4.890 ± 15.6
o+m+p-Anisaldehyde 0.028 ±   1 0.216 ± 18 0.189 ± 21 0.378 ± 21.7
2-Pentanone 0.028 ±   2 0.222 ± 60 0.194 ± 69 0.398 ± 72.3

Isopentanal 0.122 ± 53 0.287 ± 18 0.165 ± 61 0.336 ± 63.7
C5 ALP ISM 0.028 ±   1 0.141 ± 36 0.113 ± 44 0.229 ± 45.6
Pentanal 0.057 ± 65 0.225 ± 31 0.168 ± 39 0.339 ± 42.6
Glyoxal 0.015 ± 52 0.057 ± 32 0.042 ± 41 0.085 ± 43.2

o-Tolualdehyde 0.045 ± 21 0.805 ± 11 0.760 ± 12 1.525 ± 13.3
m-Tolualdehyde 0.291 ± 30 2.035 ± 10 1.744 ± 11 3.500 ± 11.8
p-Tolualdehyde 0.060 ± 64 1.029 ± 14 0.968 ± 15 1.943 ± 14.9
C6 ALP ISM 0.015 ± 41 0.456 ± 31 0.441 ± 31 0.876 ± 27.3

4-Methyl-2-pentanone (MIBK) 0.115 ± 15 0.358 ± 28 0.244 ± 42 0.495 ± 46.8
3-Pentene-2-one 0.101 ± 16 0.178 ± 14 0.077 ± 28 0.155 ± 31.6
C6 ALP ISM 0.056 ± 60 0.334 ± 40 0.278 ± 41 0.551 ± 37.7
Methylglyoxal 0.155 ± 14 0.524 ± 16 0.369 ± 19 0.745 ± 24.1

Hexanal 0.116 ± 18 0.224 ± 34 0.108 ± 63 0.219 ± 66.7
Acetophenone 0.014 ± 15 0.062 ± 10 0.048 ± 11 0.097 ± 11.8
2,5-Dimethylbenzaldehyde 0.105 ± 30 0.725 ± 12 0.620 ± 12 1.246 ± 13.3
2,4-Dimethylbenzaldehyde/ISM 0.069 ± 31 0.472 ± 11 0.403 ± 11 0.809 ± 11.8

2,4,6-Trimethylbenzaldehyde/ISM 0.034 ± 31 0.244 ±   6 0.210 ±   5 0.421 ±   7.6
Heptanal 0.054 ± 10 0.106 ± 27 0.053 ± 52 0.107 ± 54.6
2-Oxobutanal 0.014 ± 41 0.032 ± 26 0.018 ± 23 0.035 ± 25.7
Biacetyl 0.078 ± 17 0.142 ± 10 0.064 ± 24 0.128 ± 23.8
a All data are for samples (n = 8) collected on DNPH-coated silica gel cartridges downstream of a KI oxidant scrubber. 
b Emission factor was calculated according to equation 2.
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Table 5. Other Carbonyls Identified in Vehicle Emissions 
in Order of Elutiona

Carbonyl

2-Pentenal/ISM
Cyclopentanone (TENT)
Methyl vinyl ketone 
ARM ISM #1
trans-Cinnamaldehyde
C6 ALP ISM #3 
Indanone
Dimethylbenzaldehyde ISM #1
Dimethylbenzaldehyde ISM #2
C7 ALP ISM #1
C7 ALP ISM #2
C7 ALP ISM #3
C7 ALP ISM #4
6-Methyl-5-heptene-2-one (TENT))
2-Heptanone
ARM ISM #2
TMBZ ISM #1
TMBZ ISM #2
Unknown #1 (MW = 236, ALP) 
2-Oxopentanal
C8 ALP ISM #1
2,3-Pentanedione
C8 ALP ISM #2
Unknown #2 (MW = 236, ALP) 
C8 ALP ISM #3
2-Oxohexanal
C8 ALP ISM #4
C8 UNSAT ISM #1
C8 ALP ISM #5
C8 UNSAT ISM #2
2,3-Hexanedione/ISM
C8 ALP ISM #6
Pinonaldehyde (TENT)
Octanal
C9 ALP ISM #1
2-Oxoheptanal/ISM
C4 SUB BENZ

            Table continues next column

Table 5 (continued). Other Carbonyls Identified in 
Vehicle Emissions in Order of Elutiona

Carbonyl

C8 DICARB
Unknown #3 (MW = 234, ARM) 
C9 ALP ISM #2
C9 ALP ISM #3
C9 ALP ISM #4
Nonanal
C10 ALP ISM #1
C10 ALP ISM #2
C10 ALP ISM #3
C10 ALP ISM #4
trans-2-Decenal/ISM
2-Decanone
Decanal
Unknown #4 (MW = 221, ARM) 
Unknown #5 (MW = 221, ALP)
C11 ALP ISM #1
C10 DICARB
C11 ALP ISM #2
Unknown #6 (MW = 283, ALP) 
Undecanal
C12 ALP ISM #1
C12 ALP ISM #2
2-Dodecanone
Dodecanal
C13 ALP ISM #1
C13 ALP ISM #2
Unknown #7 (MW = 285, ALP) 
Tridecanal
C14 ALP ISM #1
C14 ALP ISM #2
C14 ALP ISM #3
C14 ALP ISM #4
Tetradecanal
a Samples were analyzed by LC-DAD–APCI-MS. Carbonyls were identified 

by their retention time, DAD-UV spectrum and APCI mass spectrum.

Compound purity was > 98% by MS for all carbonyls.

Unknowns #1 and #2 are isomers and may be compounds other than 
carbonyls. Their UV spectrum is consistent with an aliphatic carbonyl-
DNPH and their mass spectrum indicates a DNPH group (m/z 182).

compound, and tentatively, pinonaldehyde. Of the seven
unknowns listed, two may not be carbonyls (see footnote
in Table 5).

CARBONYL EMISSION FACTORS

The means and RSDs of the carbonyl emission factors
measured at the Tuscarora Mountain Tunnel and at the Cal-
decott Tunnel are listed in Tables 3 and 4. The ten most
abundant carbonyls in vehicle emissions at the Tuscarora

Mountain Tunnel were, in decreasing order, formaldehyde,
acetaldehyde, acetone, crotonaldehyde, m-tolualdehyde,
2-pentanone, a C5-saturated aliphatic carbonyl (eg, 3-pen-
tanone, methyl isopropyl ketone, trimethylacetaldehyde,
2-methylbutanal), 2-butanone, benzaldehyde, and methac-
rolein. The ten most abundant carbonyls in vehicle emissions
at the Caldecott Tunnel were, in decreasing order, formalde-
hyde, acetaldehyde, benzaldehyde, acetone, m-tolualdehyde,
p-tolualdehyde, methacrolein, o-tolualdehyde, 2,5-dimethyl-
benzaldehyde, and crotonaldehyde. Emissions of carbonyls
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at the Caldecott Tunnel are from a fleet of LD vehicles; those
at the Tuscarora Mountain Tunnel are from a fleet of LD and
HD vehicles, and the percentages of LD and HD vehicles
varied from one assessment to the next.

CARBONYL EMISSION FACTORS FOR LD AND HD 7–8 
VEHICLES AT TUSCARORA TUNNEL

Carbonyl emission factors for LD vehicles and for HD
7–8 vehicles were calculated using αi = fraction of HD 7–

8 vehicles in equation 3 and after outliers were deleted.
For each carbonyl, Table 6 presents the slope and its stan-
dard deviation, the intercept (ie, the emission factor for
LD vehicles) and its standard deviation, the sum of the
slope and the intercept (ie, the emission factor for HD 7–8
vehicles) and its standard deviation, and the square of the
correlation coefficient (R2). As discussed elsewhere (Sage-
biel et al 1996), the numerical value of R2 becomes lower as
the slope of the experimental data according to equation 3

Table 6. Carbonyl Emission Factors at Tuscarora Mountain Tunnel for LD and HD Vehicles Calculated from Regression of 
Aldehyde Concentrations Versus Fraction of HD 7–8 Vehicles with Outliers Deleteda

Carbonyl n m ± SD b = LD ± SD R2
b + m =
HD ± SD

Rank
LD

Rank
HD

Formaldehyde 8 4.15 ± 1.75 2.58 ± 1.05 0.482 6.73 ± 2.04 1 1
Acetaldehyde 7 3.30 ± 0.53 0.64 ± 0.27 0.886 3.95 ± 0.59 3 2
Acetone 9 0.79 ± 1.22 1.70 ± 0.73 0.057 2.50± 1.42 2 3

Propanal 7 0.50 ± 0.11 0.12 ± 0.06 0.787 0.63 ± 0.13 7 13
Acrolein 7 0.61 ± 0.11 0.11 ± 0.05 0.861 0.72 ± 0.12 8 11
Crotonaldehyde 7 0.92 ± 0.13 0.15 ± 0.07 0.898 1.07 ± 0.15 5 4

Methacrolein 9 0.59 ± 0.15 0.10 ± 0.09 0.669 0.70 ± 0.18 9 12
2-Butanone (MEK) 7 0.63 ± 0.31 0.12 ± 0.16 0.441 0.75 ± 0.35 6 10
Butanal 7 0.15 ± 0.01 0.06 ± 0.01 0.947 0.22 ± 0.01 13 23

Benzaldehyde 7 0.77 ± 0.29 0.09 ± 0.17 0.577 0.86 ± 0.34 10 7
o+m+p-Anisaldehyde 7 0.03 ± 0.00 0.00 ± 0.00 0.778 0.03 ± 0.00 31 30
2-Pentanone 9 0.93 ± 0.18 0.04 ± 0.11 0.783 0.97 ± 0.21 17 6

C5 ALP ISM 8 0.78 ± 0.08 0.07 ± 0.04 0.933 0.86 ± 0.09 11 8
Isopentanal 8 0.09 ± 0.01 0.01 ± 0.00 0.917 0.10 ± 0.01 29 25
Glyoxal 8 0.30 ± 0.03 0.03 ± 0.01 0.937 0.33 ± 0.03 21 18

Pentanal 8 0.56 ± 0.06 0.05 ± 0.03 0.935 0.62 ± 0.07 15 14
Acetophenone 9 0.06 ± 0.01 0.01 ± 0.00 0.829 0.07 ± 0.01 28 29
o-Tolualdehyde 8 0.28 ± 0.04 0.02 ± 0.02 0.861 0.30 ± 0.05 22 19

m-Tolualdehyde 8 0.99 ± 0.20 0.07 ± 0.12 0.794 1.06 ± 0.24 12 5
p-Tolualdehyde 8 0.49 ± 0.10 0.02 ± 0.06 0.794 0.51 ± 0.12 23 17
C6 ALP ISM 7 0.13 ± 0.06 0.03 ± 0.03 0.458 0.17 ± 0.07 20 24

4-Methyl-2-pentanone (MIBK) 7 0.06 ± 0.01 0.01 ± 0.00 0.859 0.08 ± 0.01 24 27
C6 UNSAT ISM (TENT) 6 0.26 ± 0.19 0.04 ± 0.12 0.321 0.30 ± 0.23 18 20
Methylglyoxal 7 0.47 ± 0.28 0.04 ± 0.14 0.356 0.51 ± 0.32 19 16

Hexanal 6 0.52 ± 0.37 0.01 ± 0.17 0.331 0.54 ± 0.41 26 15
2,5-Dimethylbenzaldehyde 6 0.76 ± 0.12 0.05 ± 0.06 0.909 0.81 ± 0.13 14 9
2,4-Dimethylbenzaldehyde/ISM 6 0.21 ± 0.18 0.01 ± 0.11 0.504 0.23 ± 0.22 25 22

2-Oxobutanal 5 0.06 ± 0.04 0.01 ± 0.02 0.588 0.08 ± 0.05 27 28
Biacetyl 7 0.08 ± 0.08 0.01 ± 0.05 0.301 0.10 ± 0.10 30 26
Heptanal 9 −0.14 ± 0.08 0.18 ± 0.05 0.279 0.03 ± 0.10 4 31
2,4,6-Trimethylbenzaldehyde/ISM 6 0.19 ± 0.02 0.04 ± 0.01 0.952 0.23 ± 0.02 16 21

a n = number of data points used in regression (outliers excluded from analysis = 9 – n); m = slope; b = intercept = LD emission factor (mg/km); b + m = HD 
7–8 emission factor (mg/km); Rank  = carbonyls in decreasing order of emission factors (see equation 3).



66

Airborne Carbonyls from Emissions in Two Highway Tunnels

decreases (R2 becomes lower for those carbonyls for which
LD emission factors and HD emission factors are of the
same magnitude). Thus, the values of R2 given in Table 6
indicate goodness-of-fit only for those carbonyls that have
a high HD 7–8/LD emission factor ratio. We discuss here
only the carbonyl emission factors calculated versus the
fraction of HD 7–8 vehicles; since most HD vehicles were

classes 7 and 8, emission factors for total HD vehicles were
similar and are not presented here.

For LD vehicles, the sum of the carbonyl emission fac-
tors was about 6.4 mg/km (Table 7). The ten carbonyls with
the largest LD emission factors were, in decreasing order,
formaldehyde (2.58 ± 1.05 mg/km), acetone, acetaldehyde,
heptanal, crotonaldehyde, 2-butanone, propanal, acrolein,

Table 7. Calculated Carbonyl Emissions at Tuscarora Mountain Tunnel for LD Vehicles and HD 7–8 Vehicles by Distance 
Traveled and by Fuel Consumed

Emission Factor (mg/km)a Emission Factor (mg/L)b

Carbonyl LD HD HD/LD LD HD HD/LD

Formaldehyde 2.58 6.73 2.6 38.03 21.21 0.6
Acetaldehyde 0.64 3.95 6.1 9.49 12.45 1.3
Acetone 1.70 2.50 1.5 25.06 7.86 0.3

Propanal 0.12 0.63 5.4 1.72 1.97 1.1
Acrolein 0.11 0.72 6.7 1.59 2.26 1.4
Crotonaldehyde 0.15 1.07 7.2 2.18 3.38 1.6

Methacrolein 0.10 0.70 6.7 1.54 2.19 1.4
2-Butanone (MEK) 0.12 0.75 6.1 1.82 2.37 1.3
Butanal 0.06 0.22 3.5 0.92 0.69 0.8

Benzaldehyde 0.09 0.86 9.5 1.35 2.71 2.0
o+m+p-Anisaldehyde 0.00 0.03 34.0 0.02 0.11 6.1
2-Pentanone 0.04 0.97 22.6 0.63 3.06 4.9

C5 ALP ISM 0.07 0.86 12.1 1.05 2.71 2.6
Isopentanal 0.01 0.10 10.3 0.15 0.33 2.2
Glyoxal 0.03 0.33 12.5 0.38 1.03 2.7

Pentanal 0.05 0.62 12.3 0.74 1.94 2.6
Acetophenone 0.01 0.07 6.6 0.16 0.23 1.5
o-Tolualdehyde 0.02 0.30 13.3 0.34 0.96 2.9

m-Tolualdehyde 0.07 1.06 15.9 0.98 3.34 3.4
p-Tolualdehyde 0.02 0.51 31.6 0.24 1.59 6.7
C6 ALP ISM 0.03 0.17 5.0 0.50 0.54 1.1

4-Methyl-2-pentanone (MIBK) 0.01 0.08 5.6 0.21 0.25 1.2
C6 UNSAT ISM (TENT) 0.04 0.30 8.0 0.57 0.96 1.7
Methylglyoxal 0.04 0.51 14.2 0.53 1.61 3.0

Hexanal 0.01 0.54 38.7 0.20 1.71 8.5
2,5-Dimethylbenzaldehyde 0.05 0.81 16.2 0.74 2.56 3.4
2,4-Dimethylbenzaldehyde/ISM 0.01 0.23 16.6 0.20 0.73 3.6

2-Oxobutanal 0.01 0.08 6.9 0.16 0.24 1.5
Biacetyl 0.01 0.10 12.0 0.12 0.30 2.4
Heptanal 0.18 0.03 0.2 2.63 0.11 0.0

2,4,6-Trimethylbenzaldehyde/ISM 0.04 0.23 5.2 0.67 0.74 1.1
All measured carbonyls 6.43 26.08 4.03 94.90 82.14 0.87

a From data in Table 6, standard deviations omitted for clarity.
b Fuel economy = 14.75 km/L (LD) and 3.15 km/L (HD) as reported by Gertler and colleagues (2000).
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methacrolein, and benzaldehyde. The emission factors for
formaldehyde, acetone, and acetaldehyde together accounted
for 76.5% of the sum of all LD carbonyl emission factors. This
compares to 5.6% for unsaturated aliphatic aldehydes
(acrolein + methacrolein + crotonaldehyde), 4.9% for aro-
matic carbonyls, and 1.3% for aliphatic dicarbonyls (glyoxal,
methylglyoxal, 2-oxobutanal, and biacetyl). For HD 7–8 vehi-
cles, the sum of the carbonyl emission factors was about
26.1 mg/km (Table 7). The ten carbonyls with the largest HD
7–8 emission factors were, in decreasing order, formaldehyde
(6.73 ± 2.05 mg/km), acetaldehyde, acetone, crotonaldehyde,
m-tolualdehyde, 2-pentanone, benzaldehyde, the C5-satu-
rated aliphatic isomer, 2,5-dimethylbenzaldehyde, and 2-
butanone. The emission factors for formaldehyde, acetalde-
hyde, and acetone together accounted for 50.5% of the sum of
all HD 7–8 carbonyl emission factors. This compares to 9.5%
for the unsaturated aliphatic aldehydes, 15.8% for aromatic
carbonyls, and 3.9% for aliphatic dicarbonyls.

Carbonyl emission factors showed both similarities and
differences between LD and HD 7–8 vehicles. Formalde-
hyde, acetaldehyde, and acetone were the three major com-
ponents in both LD and HD 7–8 emissions although their
relative abundance was different. The formaldehyde/acetal-
dehyde emission factors ratio was about 4.0 for LD vehicles
and about 1.7 for HD 7–8 vehicles; the acetone/acetalde-
hyde emission factors ratio was about 2.6 for LD vehicles
and about 0.6 for HD 7–8 vehicles. Aromatic carbonyls

accounted for a substantial fraction of the total (15.8%) for
HD 7–8 vehicles but not for LD vehicles (4.9%). Unsatur-
ated aliphatic aldehydes accounted for a larger fraction of
emission factors for HD 7–8 vehicles than for LD vehicles
(9.5% vs 5.6%), and the same was observed for aliphatic
dicarbonyls (3.9 vs 1.3%). For only one saturated aliphatic
carbonyl, heptanal, the slope of the data plotted using equa-
tion 3 was negative (see Table 6) and the calculated LD
emission factor was about five times higher than that calcu-
lated for HD 7–8 vehicles. 

Emission factor ratios (HD 7–8/LD vehicles) varied sub-
stantially from one carbonyl to the next (from 0.2 to about
4.0). Carbonyls with high HD 7–8/LD emission factor ratios
included several aromatic aldehydes (anisaldehyde, the
three tolualdehydes, and the dimethylbenzaldehydes) and
several aliphatic dicarbonyls (glyoxal, methylglyoxal, and
biacetyl). These results are not surprising because speciated
carbonyl emissions from LD vehicles are expected to be dif-
ferent from those for HD 7–8 vehicles: carbonyls are emitted
as a result of incomplete fuel oxidation, and the composition
of gasoline is substantially different from that of diesel fuel.

CARBONYL EMISSIONS BY DISTANCE TRAVELED
OR FUEL CONSUMED AT TUSCARORA TUNNEL

Emission of carbonyls by LD vehicles can be compared
to those of HD vehicles on the basis of distance traveled

Table 8. Carbonyl Emission Factors Measured in Both Tunnels

Tuscarora Mountain Tunnel Caldecott Tunnel

Vehicle Category LD HD 7–8 LD

Fuel economy (km/L) 14.75a 3.15a 8.3b

Carbonyl emission factor (mg/L)
Total measured carbonyls 94.90 82.14 68.36
Formaldehyde 38.03 21.21 31.04
Acetaldehyde 9.49 12.45 8.03
Acetone 25.06 7.86 4.02
Benzaldehyde 1.35 2.71 4.89
Crotonaldehyde 2.18 3.38 1.07
Tolualdehydesc 1.56 5.90 6.97

Carbonyl emission factor (% of total)
Formaldehyde 40.1 25.8 45.4
Sum of formaldehyde, acetaldehyde and acetone 76.5 50.5 63.0
Unsaturated aliphatics 5.6 9.5 5.8
Aromatics 4.9 15.8 21.7
Dicarbonyls 1.3 3.9 1.4
a Measured (Gertler et al 2000).
b Estimated by Kean et al (2000) from literature data.

c Sum of ortho, meta and para isomers.
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or fuel consumed (Table 7). The emission factors listed in
terms of distance were calculated by regression analysis,
with outliers deleted, versus the fraction of HD 7–8 vehi-
cles. We calculated the LD and HD 7–8 carbonyl emission
factors in terms of fuel consumed using the fuel economy
reported by Gertler and colleagues (2000) (ie, 14.75 km/L
for LD vehicles and 3.15 km/L for HD vehicles). 

On a distance-traveled basis (mg/km), total carbonyl
emissions from HD 7–8 vehicles were about 4 times
higher than those from LD vehicles. The HD 7–8/LD emis-
sion factor ratios varied: 2.6 for formaldehyde, 6.1 for ace-
taldehyde, 1.5 for acetone, 7.3 for crotonaldehyde, 15.9 for
m-tolualdehyde, and 14.2 for methylglyoxal. On a fuel-
consumed basis (mg/L), total carbonyl emissions from HD
7–8 vehicles were slightly less than those from LD vehi-
cles: about 82 mg/L versus about 95 mg/L. On a fuel-con-
sumed basis, the HD 7–8/LD ratio was about 0.87 for total
carbonyls but individual carbonyls varied widely: 0.6 for
formaldehyde, 1.3 for acetaldehyde, 0.3 for acetone, 1.6
for crotonaldehyde, 3.4 for m-tolualdehyde, to 3.0 for
methylglyoxal.

LD CARBONYL EMISSION FACTORS BY TUNNEL

Fuel economy at the Tuscarora Mountain Tunnel was
14.75 km/L for LD vehicles (Gertler et al 2000) but was not
measured at the Caldecott Tunnel. For this reason, we
compared the data from the two tunnels on a fuel-con-
sumed basis by using an estimate from literature data for
full economy, at the Caldecott Tunnel (Kean et al 2000)
(Table 8). The LD emission factors measured in the two
tunnels were similar for formaldehyde, acetaldehyde, and
total carbonyls but differed substantially for acetone (Tus-
carora Mountain > Caldecott) and for benzaldehyde and
total aromatic carbonyls (Caldecott > Tuscarora Mountain).
These differences may reflect differences in fuel composi-
tion, fleet composition, fleet age, mean speed and acceler-
ation, and proportion of high emitters for some carbonyls.

DISCUSSION

Of studies that identified carbonyls in emissions from
vehicles in highway tunnels, few have included calcula-
tions of carbonyl emission factors. A summary of literature
data for formaldehyde and acetaldehyde (Table 9) shows
that of the highway tunnel studies listed, only the study by
Pierson and coworkers at the Fort McHenry and Tuscarora
Mountain Tunnels included calculations of carbonyl emis-

sion factors for LD and HD vehicles (Pierson et al 1996;
Sagebiel et al 1996; Zielinska et al 1996).

For HD vehicles, the emission factors measured in this
study are substantially lower than those measured in pre-
vious work: for example, 4 times lower for formaldehyde
(Tuscarora Mountain, 1999 vs 1992) and 5 times lower for
acetaldehyde (Tuscarora Mountain, 1999 versus Fort
McHenry, 1992). LD vehicle emission factors measured in
the current study are also lower than those reported in the
literature (more so for acetaldehyde than for formaldehyde).

For formaldehyde, the LD emission factors measured in
this study are lower than those measured in the Caldecott
Tunnel (Kirchstetter et al 1996, 1999ab) but are essentially
the same, within the stated uncertainties, as those mea-
sured in 1992 in the Tuscarora Mountain and Fort
McHenry Tunnels (Pierson et al 1996; Zielinska et al 1996).
No firm conclusions regarding long-term trends can be
made due to the scarcity of published data. Because fuel
composition (ie, reformulated gasoline) as well as engine
and exhaust control technology changed between the early
1990s and the present study, and because our scope was
limited, additional studies are needed to completely assess
current on-road vehicle emissions of speciated carbonyls.

This study provides, for the first time, detailed informa-
tion on the nature and magnitude of on-road carbonyl
emissions of LD and HD vehicles. Additional studies are
needed, however, especially in view of the current regula-
tory changes in fuel composition. The present study mea-
sured carbonyl emissions in two highway tunnels and
does not address carbonyl levels in urban areas. Driving
patterns in these highway tunnels do not represent urban
driving: the emission factors measured in this study are for
vehicles operated in hot-stabilized mode with little or no
off-cycle emissions. Therefore, our results may represent
lower limits for vehicle emissions of carbonyls that may
occur in urban areas (cold starts, stop-and-go traffic, etc).
Vehicles that are high emitters of carbonyls have yet to be
characterized. Also, a better understanding of the relation-
ship between carbonyl emissions and vehicle fuel compo-
sition should be developed. Future studies are planned to
characterize carbonyl concentrations in urban areas.
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APPENDIX A. Co-Located Samples Collected 
on C18 and Silica Gel Cartridges

RATIONALE

Reliable measurements of carbonyls at levels of parts
per billion (ppb) in air are important in air quality and
atmospheric chemistry studies. Examples of applications
include assessing human exposure to toxic air contami-
nants, monitoring urban air quality, surveying indoor air
pollution, researching mechanisms of reactions by which
anthropogenic and biogenic hydrocarbons are oxidized in
the atmosphere, and making policy decisions regarding
the air quality impact of oxygenated fuels. To measure
airborne carbonyls, the US Environmental Protection
Agency (US EPA) specifies sampling with cartridges
coated with DNPH and analysis of the carbonyl-DNPH
derivatives by LC with UV detection. This DNPH-LC
method is also recommended or specified by other pro-
fessional societies and government agencies in the US
and elsewhere (eg, Intersociety Committee 1989).

The most recent version of the method prescribed by the
US EPA (1999), compendium method TO-11A, requires state
and local agencies to report ambient levels of carbonyls from
samples collected on DNPH-coated cartridges, preferably
downstream of a device (denuder or scrubber) that removes
ambient ozone in order to minimize interferences.
Although up to about 15 carbonyls can be measured using
the DNPH-LC protocol specified in Method TO-11A, state
and local agencies are required to report data for only 3 car-
bonyls: formaldehyde, acetaldehyde, and acetone. Method
TO-11A recommends the use of silica gel cartridges and C18
cartridges, both coated with acidic DNPH, and specifies the
acceptable upper limit for cartridge background carbonyl
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content (0.15, 0.30, and 0.10 µg per cartridge for formalde-
hyde, acetone, and all other carbonyls, respectively). 

Cartridges coated with DNPH are commercially avail-
able for silica gel but not for C18. For cartridges that are
coated with acidic DNPH in the user's laboratory, the
amount of DNPH and the nature and amount of the acid
used may vary substantially, possibly causing differences
in reported carbonyl concentrations between laboratories.
Such differences are not only of scientific interest. In the
United States alone, thousands of DNPH-coated cartridge
samples are collected and analyzed each year by dozens of
laboratories as part of regulatory mandated programs
including PAMS (US EPA 1999) and federal and state mon-
itoring of air toxics.

Several studies have compared the two substrates, silica
gel and C18, and/or one or both substrates to methods other
than the DNPH-LC method (ie, spectroscopy for formalde-
hyde and gas chromatography for a few carbonyls other
than formaldehyde) (Kleindienst et al 1988; Lawson et al
1990; Slemr 1991; Sirju and Shepson 1995; Apel et al
1998a,b and references cited therein). These studies are
limited to formaldehyde and a few other low molecular
weight carbonyls including acetaldehyde, acetone, and
propanal (eg, Apel et al 1998a,b). They have involved LC
analysis with UV detection without the benefit of positive
identification of carbonyl-DNPH derivatives by MS. In this
study, we used LC–MS to compare the concentrations of
about 30 carbonyls measured using co-located silica gel
and C18 cartridges at the Caldecott Tunnel.

EXPERIMENTAL METHODS

Co-located samples were collected on DNPH-coated car-
tridges downstream of KI oxidant scrubbers. One cartridge
was a commercially available DNPH-coated silica gel car-
tridge (Waters Corp) and the other was a C18 cartridge
coated with acidic DNPH in our laboratory as described in
detail elsewhere (Grosjean and Grosjean 1995a,b; Grosjean
et al 1996). The sampling duration was 2 hours and the vol-
umes of air sampled were 86 to 93 L. Twenty-two sets of co-
located samples were collected at the Caldecott Tunnel,
eleven sets at the tunnel inlet and eleven sets at the tunnel
outlet. Mean carbonyl concentrations measured on silica
gel cartridges and on C18 cartridges are listed in Table A1
along with the corresponding RSD.

STATISTICAL COMPARISONS

To compare the results obtained with silica gel cartridges
to those obtained with C18 cartridges, we carried out a regres-
sion analysis and a concentration difference analysis. The
regression analysis involved linear least squares regression of

the concentrations of a given carbonyl in all co-located sam-
ples (convention: y-axis = C18 cartridge, x-axis = silica gel
cartridge). The regressions were unit-weighted, were not
forced through the origin, and included all data (possible out-
liers were not deleted). The corresponding statistical parame-
ters are listed in Table A2 (slope ± SD, intercept ± SD, and
correlation coefficient). The concentration difference analysis
for each carbonyl involved calculations of differences
between co-located samples (convention: silica gel cartridge
minus C18 cartridge), means of these differences, and means
as a percentage of the mean concentrations measured on
silica gel cartridges (Table A3).

RESULTS

The regression analysis (Table A2) indicated a high
degree of correlation among co-located samples for 26 of the
32 carbonyls studied. For these 26 carbonyls, the correlation
coefficient R was greater than 0.9, and R2 was greater than 0.9
for 20 of these 26 compounds. Reasonably good correlation
was also observed for hexanal, heptanal, and 2-oxobutanal (R
= 0.89, 0.81, and 0.88, respectively). For these 29 carbonyls,
the intercepts were small and the intercept/mean concentra-
tion ratios also were small. With two exceptions, the slopes of
the regression lines indicated agreement within 20%. The
two exceptions were the two C6 aliphatic isomers with slopes
of 0.32 and 0.25, respectively. Poor correlation between silica
gel and C18 cartridges was observed for three compounds:
acetone (R = 0.30), 2-butanone (R = 0.31), and biacetyl (R =
0.55). For biacetyl, measured concentrations were low and
some of the scatter among co-located samples may have
resulted from lack of analytic precision.

The concentration difference analysis (Table A3) also
indicated reasonable agreement for many of the carbonyls
studied. Larger differences were observed for several
compounds, including acetone and 2-butanone. The concen-
tration difference/mean carbonyl concentration ratios were
10% or less for 12 carbonyls and were 25% or less for 23 car-
bonyls. These ratios were higher for six compounds: acrolein,
crotonaldehyde, 2-butanone, 2-pentanone, glyoxal, and
methylglyoxal (32 to 42%). The highest ratio, 61%, was
observed for acetone, for which concentrations measured on
C18 cartridges were substantially lower than those mea-
sured on silica gel cartridges.

DISCUSSION

Differences measured in this study include contribu-
tions of analytic precision, sampling precision, and differ-
ences specific to the two types of cartridges employed. To
place our results in perspective, it is necessary to compare
them to those for replicate analyses (a measure of analytic
variability) and to those for co-located samples collected
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Table A1. Mean Carbonyl Concentrations Measured in Co-Located Samples Collected at Caldecott Tunnel

Tunnel Inlet Tunnel Outlet

Carbonyl
Silica Gel

(µg/m3 ± RSD)
C18

(µg/m3 ± RSD)
Silica Gel

(µg/m3 ± RSD)
C18

(µg/m3 ± RSD)

Formaldehyde 5.360 ± 20 4.213 ± 24 19.371 ± 17 14.797 ± 14
Acetaldehyde 1.656 ± 29 1.592 ± 27 5.341 ± 18 5.607 ± 18
Acetone 3.111 ± 24 0.969 ± 47 4.710 ± 19 2.095 ± 59

Propanal 0.253 ± 33 0.239 ± 33 0.632 ± 17 0.642 ± 18
Acrolein 0.092 ± 32 0.118 ± 24 0.601 ± 16 0.859 ± 20
Crotonaldehyde 0.255 ± 30 0.336 ± 24 0.738 ± 18 0.978 ± 17

Methacrolein 0.173 ± 31 0.142 ± 32 0.899 ± 21 0.709 ± 25
2-Butanone (MEK) 0.254 ± 52 0.217 ± 45 0.469 ± 25 0.205 ± 74
Butanal 0.160 ± 21 0.129 ± 26 0.406 ± 22 0.416 ± 33

Benzaldehyde 0.681 ± 16 0.585 ± 17 2.854 ± 20 2.518 ± 27
o+m+p-Anisaldehyde 0.028 ± 2 0.024 ± 14 0.205 ± 23 0.174 ± 34
2-Pentanone 0.028 ± 3 0.017 ± 4 0.214 ± 54 0.148 ± 56

Isopentanal 0.104 ± 60 0.101 ± 48 0.264 ± 24 0.262 ± 25
C5 ALP ISM 0.028 ± 3 0.020 ± 20 0.136 ± 34 0.107 ± 26
Pentanal 0.051 ± 64 0.049 ± 54 0.205 ± 35 0.196 ± 34

Glyoxal 0.013 ± 55 0.017 ± 56 0.054 ± 33 0.075 ± 43
o-Tolualdehyde 0.047 ± 20 0.049 ± 19 0.702 ± 29 0.623 ± 23
m-Tolualdehyde 0.310 ± 27 0.280 ± 25 1.815 ± 25 1.412 ± 25

p-Tolualdehyde 0.070 ± 55 0.072 ± 46 0.913 ± 27 0.769 ± 25
C6 ALP ISM #1 0.011 ± 73 0.012 ± 71 0.377 ± 48 0.144 ± 30
4-Methyl-2-pentanone (MIBK) 0.117 ± 13 0.129 ± 14 0.329 ± 31 0.320 ± 24

3-Pentene-2-one 0.106 ± 18 0.115 ± 13 0.174 ± 17 0.200 ± 15
C6 ALP ISM #2 0.044 ± 80 0.031 ± 61 0.273 ± 56 0.096 ± 34
Methylglyoxal 0.162 ± 16 0.231 ± 18 0.509 ± 21 0.673 ± 25

Hexanal 0.120 ± 17 0.128 ± 22 0.213 ± 33 0.290 ± 32
Acetophenone 0.014 ± 14 0.014 ± 22 0.060 ± 18 0.050 ± 34
2,5-Dimethylbenzaldehyde 0.109 ± 28 0.094 ± 31 0.658 ± 24 0.594 ± 24

2,4-Dimethylbenzaldehyde/ISM 0.071 ± 29 0.086 ± 32 0.415 ± 27 0.370 ± 23
2,4,6-Trimethylbenzaldehyde/ISM 0.036 ± 29 0.036 ± 29 0.220 ± 23 0.201 ± 29

Heptanal 0.058 ± 17 0.071 ± 13 0.103 ± 27 0.106 ± 43
2-Oxobutanal 0.022 ± 66 0.027 ± 56 0.038 ± 39 0.032 ± 42
Biacetyl 0.082 ± 18 0.088 ± 22 0.139 ± 16 0.097 ± 28



73

D Grosjean and E Grosjean

Table A2. Regression Parameters for Co-Located Samples Collected on C18 and Silica Gel Cartridges 
at Caldecott Tunnel

Carbonyl ma ± SD
b ± SD
(µg/m3) R2

Formaldehyde 0.740 ± 0.021 0.353 ± 0.299 0.984
Acetaldehyde 1.066 ± 0.035 −0.131 ± 0.140 0.979
Acetone 0.279 ± 0.199 0.439 ± 0.811 0.089
Propanal 1.023 ± 0.049 −0.012 ± 0.024  0.955

Acrolein 1.438 ± 0.076 −0.010 ± 0.033 0.947
Crotonaldehyde 1.288 ± 0.052 0.018 ± 0.029 0.968
Methacrolein 0.790 ± 0.028 0.002 ± 0.019 0.975
2-Butanone (MEK) 0.235 ± 0.160 0.126 ± 0.063 0.097

Butanal 1.204 ± 0.068 −0.068 ± 0.021 0.940
Benzaldehyde 0.908 ± 0.045 −0.054 ± 0.096 0.952
o+m+p-Anisaldehyde 0.837 ± 0.077 0.002 ± 0.012 0.855
2-Pentanone 0.692 ± 0.034 −0.001 ± 0.006 0.955

Isopentanal 0.924 ± 0.072 0.012 ± 0.015  0.892
C5 ALP ISM 0.734 ± 0.045 0.004 ± 0.005 0.929
Pentanal 0.887 ± 0.072 0.009 ± 0.011 0.883
Glyoxal 1.394 ± 0.145 −0.001 ± 0.006 0.822

o-Tolualdehyde 0.843 ± 0.030 0.020 ± 0.016 0.975
m-Tolualdehyde 0.751 ± 0.022 0.048 ± 0.030 0.982
p-Tolualdehyde 0.810 ± 0.030 0.023 ± 0.020 0.973
C6 ALP ISM 0.318 ± 0.020 0.017 ± 0.006 0.927

4-Methyl-2-pentanone (MIBK) 0.847 ± 0.034 0.035 ± 0.009 0.969
3-Pentene-2-one 1.071 ± 0.092 0.008 ± 0.013 0.872
C6 ALP ISM 0.251 ± 0.018 0.024 ± 0.004 0.909
Methylglyoxal 1.279 ± 0.079 0.023 ± 0.030 0.929

Hexanal 1.349 ± 0.156 −0.016 ± 0.028 0.790
Acetophenone 0.826 ± 0.075 0.002 ± 0.003 0.859
2,5-Dimethylbenzaldehyde 0.893 ± 0.042 0.002 ± 0.020 0.958
2,4-Dimethylbenzaldehyde/ISM 0.809 ± 0.032 0.031 ± 0.010 0.969

2,4,6-Trimethylbenzaldehyde/ISM 0.892 ± 0.055 0.005 ± 0.009 0.930
Heptanal 0.970 ± 0.159 0.011 ± 0.014 0.650
2-Oxobutanal 0.758 ± 0.091 0.007 ± 0.003 0.776
Biacetyl 0.379 ± 0.127 0.050 ± 0.015 0.308

a m = slope; b = intercept (µg/m3); n = 22 sets of co-located samples; y = C18 cartridge; x = silica gel cartridge.  All samples were collected  downstream of KI 
oxidant scrubbers. 
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Table A3. Concentrations from Co-Located Samples Collected on C18 and Silica Gel Cartridges at Caldecott Tunnel 

Mean Concentration (µg/m3) Silica Gel Minus C18

Carbonyl Silica Gel C18 (µg/m3) (%)a

Formaldehyde 12.366 9.505 2.861 23
Acetaldehyde 3.498 3.600 −0.102 −3
Acetone 3.911 1.532 2.379 61

Propanal 0.443 0.441 0.002 0
Acrolein 0.346 0.488 −0.142 −41
Crotonaldehyde 0.497 0.657 −0.160 −32

Methacrolein 0.536 0.426 0.110 21
2-Butanone (MEK) 0.362 0.211 0.151 42
Butanal 0.283 0.273 0.010 4

Benzaldehyde 1.767 1.551 0.216 12
o+m+p-Anisaldehyde 0.117 0.099 0.018 15
2-Pentanone 0.121 0.083 0.038 32

Isopentanal 0.184 0.182 0.002 1
C5 aliphatic isomer 0.082 0.064 0.018 22
Pentanal 0.128 0.123 0.005 4

Glyoxal 0.034 0.046 −0.012 −36
o-Tolualdehyde 0.374 0.336 0.038 10
m-Tolualdehyde 1.063 0.846 0.217 20

p-Tolualdehyde 0.491 0.421 0.070 14
4-Methyl-2-pentanone (MIBK) 0.223 0.225 −0.002 −1
3-Pentene-2-one 0.14 0.157 −0.017 −13

Methylglyoxal 0.336 0.452 −0.116 −35
Hexanal 0.167 0.209 −0.042 −25
Acetophenone 0.037 0.032 0.005 13

2,5-Dimethylbenzaldehyde 0.383 0.344 0.039 10
2,4-Dimethylbenzaldehyde/ISM 0.243 0.228 0.015 6
2,4,6-Trimethylbenzaldehyde/ISM 0.128 0.119 0.009 7

Heptanal 0.08 0.088 −0.008 −10
2-Oxobutanal 0.03 0.029 0.001 2
Biacetyl 0.111 0.092 0.019 17

a Percent of mean concentration measured on silica gel cartridge.
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on identical cartridges (a measure of overall variability:
sampling and analysis).

For replicate analyses, results from this study and from
earlier work in our laboratory are summarized in Table A4.
A summary of a recent interlaboratory comparison
involving 12 sample extracts provided by Dr Zhang and
coworkers is included in Table A5 for its relevance to this
study. Two methods were used with UV-detection LC by Dr
Zhang and coworkers and LC–MS in our laboratory (Zhang
et al, unpublished results, 2000). The results in Table A4
indicate that RSDs of 10% or less (typically 5% or less for
formaldehyde, acetaldehyde, and acetone) were obtained
in replicate analyses of samples that contained some or all
carbonyls studied in this report.

For co-located samples involving identical cartridges,
results from earlier work in our laboratory are available for
18 carbonyls (Table A6). These results indicate that RSDs
measured for identical co-located cartridges were 16% or
less (eg, about 6% for formaldehyde and acetaldehyde and
about 11% for acetone). For comparison, US EPA guide-
lines for method TO-11A allow a variation (± 20%) for
identical co-located cartridges (US EPA 1999).

Comparison of our results (Tables A1, A2, and A3) to those
for replicate analyses and for identical co-located of the car-
bonyls studied in this work, the differences between co-
located silica gel and C18 cartridges are of the same magni-
tude as those for co-located samples collected on identical
cartridges. For acrolein, crotonaldehyde, 2-pentanone, gly-
oxal, and methylglyoxal, concentrations measured on silica
gel cartridges correlate well with those measured on C18 car-
tridges; regression slopes are within 20% of their mean value
but the concentration difference/mean carbonyl concentra-
tion ratios of 32–42% are somewhat higher than reported in
the literature for identical co-located cartridges. For acetone
and 2-butanone, concentrations measured on C18 cartridges
were substantially lower than, and correlated poorly with,
those measured on silica gel cartridges.

Carbonyl concentrations reported in this study and the
corresponding vehicle emission factors are from samples col-
lected on silica gel cartridges downstream of KI oxidant
scrubbers and analyzed by LC–MS. Good agreement between
silica gel and C18 cartridges was obtained in this study for
many carbonyls. In contrast, low values were obtained on C18
cartridges for acetone and 2-butanone. Possible causes (such
as poor collection efficiency due to incomplete derivatiza-
tion) have not been investigated. The low yield of acetone on
C18 cartridges is a concern. Acetone is typically one of the
most abundant carbonyls in urban air, and this study suggests
that acetone inventories compiled by air pollution control
agencies may underestimate acetone levels if measurements
were made using C18 cartridges. On the other hand, while
this study provides comprehensive information for about
30 carbonyls, it involved only one type of silica gel cartridge,
one type of C18 cartridge, and one specific set of sampling
conditions and sampling parameters.
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Table A4. Summary Results for Replicate Analyses and Comparison with Literature

RSD (%)
Sampling 
Cartridge

Analytic 
MethodReference Carbonyls Average Range na

This Studyb 32 compounds listed in Table A1  1–10 6 Silica Gel LC-MS

This Studyb 32 compounds listed in Table A1  1–10 5 C18 LC-MS

Grosjean et al 1993c Formaldehyde 1.4  0–9.1 34 C18 LC
Acetaldehyde 1.1  0–5.7 34

Grosjean and Grosjean 1995bd Formaldehyde 3.0  0–8.5 36 C18 LC
Acetaldehyde 3.6  0–25.0 35
Propanal 4.2  0–22.5 18

n-Butanal 3.9  0–13.9 18
n-Pentanal 1.3  0–3.8 12
n-Hexanal 2.8  0–10.8 12

n-Heptanal 2.8  0–6.5 3
Acetone 3.7  0–25.0 23
2-Butanone 0.20  0–1.0 5

Methyl vinyl ketone 2.9 1
3-Methyl-2-butanone 3.5  2.4–4.5 4
Cyclohexanone 3.1  0–9.8 23

Nopinone 10.0  5.8, 14.3 2
4-Acetyl-1-methyl cyclohexene 13.2 11.3, 15.0 2
Methacrolein 4.7  1

Crotonaldehyde 9.5  6.1–15.0 3
Glyoxal 4.0  0–14.8 20
Methylglyoxal 2.8  0–9.0 8

3-Hydroxy-2-butanone 1.9 0, 3.8 2
Benzaldehyde 7.1  0–16.1 4
m-Tolualdehyde 13.5  0, 26.9 2

a Number of replicate analyses.
b Samples collected at inlet and outlet of Caldecott Tunnel.
c Ambient air samples collected in downtown Atlanta GA.

d Air samples collected indoor and outdoor in urban southern California and in laboratory experiments (smog chamber studies).
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Table A6. Summary of Literature Data for Co-Located Samples

RSD (%)
Analytic 
MethodReference Carbonyl Mean ± SD Range na

Grosjean and Grosjean 1995bb Formaldehyde 5.8  0–18.2 25 LC-UV
Acetaldehyde 6.5  0–16.8 24
Propanal 8.7  0–29.7 24

n-Butanal 6.1  0–17.4 25
Isobutanal 5.9 — 1
n-Pentanal 7.4 0.6–24.2 18

n-Hexanal 8.0  0–28.4 13
n-Heptanal 9.9 1.0–20.0 7
n-Octanal 10.6 — 1

n-Nonanal 0.9 — 1
Acetone 11.4  0–29.3 12
3-Methyl-2-butanone 1.3  0–2.6 2

Cyclohexanone 10.4 0.9–40.0 29
Acrolein 14.5 — 1
Glyoxal 9.8 0.8–23.3 24

Methylglyoxal 5.8  0–12.8 5
Pyruvic acid 16.2 13.4–18.3 3
Benzaldehyde 4.1 2.9–6.4 3

Grosjean et al Formaldehyde 9.5 ± 5.8 1.1–21.8 28 LC-UV
unpublished results 2000c 5.1 ± 2.5 1.5–9.0 11 LC–MS

Acetaldehyde 7.9 ± 5.2 0–18.8 28 LC-UV
5.4 ± 4.6 0.2–14.8 11 LC–MS

a Number of co-located measurements.

b Indoor, outdoor (ambient) and laboratory (smog chamber) samples collected on C18 cartridges.

c Ambient air samples collected on C18 cartridges in downtown Porto Alegre, Brazil.

Table A5. Comparison with Literature: Interlaboratory Comparisona

Reference Carbonyl
LC–MS/
LC-UVb R

Number of 
Measurements

Number of 
Outliers

Zhang, Grosjean et al 
unpublished results, 2000a

Formaldehyde 1.045 ± 0.013 0.999 12 0
Acetaldehyde 0.982 ± 0.054 0.985 12 0
Acetone 1.063 ± 0.023 0.998 12 0
Propanal 0.925 ± 0.029 0.996 11 1

Butanal + Isobutanal 0.943 ± 0.034 0.995 10 0
Benzaldehyde 1.048 ± 0.034 0.996 10 1
Pentanal 0.712 ± 0.040 0.988 10 0
Hexanal 1.145 ± 0.160 0.938 10 1

a 12 extracts of samples collected by Dr Zhang and coworkers (3 field blanks, 2 indoor, 2 outdoor, 2 in-vehicle and 3 personal samples, all collected on C18 
cartridges).  Extracts were analyzed by LC-UV by Dr Zhang and coworkers and by LC-MS in our laboratory.

b Convention y = LC–MS, x = LC-UV, linear least squares regression of the experimental data, unit-weighted, not forced through the origin (intercepts were  
small for all carbonyls and are omitted for clarity); outliers deleted as indicated in last column of this table.
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air quality in Brazil, vehicle and other sources of speciated
carbonyls and peroxyacyl nitrates in ambient air. 

Mr Eric Grosjean has published over 50 peer-reviewed
articles and is a research chemist at DGA, Inc. His research
interests include the development of new environmental
analytical chemistry methods and their applications to
laboratory and field studies of reactive organics in the
atmosphere. 

ABBREVIATIONS AND OTHER TERMS

ALP aliphatic carbonyl
APCI atmospheric pressure chemical 

ionization

ARM aromatic carbonyl
BENZ benzaldehyde
DAD diode array detection/diode array

detector
DICARB dicarbonyl

DNPH 2,4-dinitrophenylhydrazine
EPA Environmental Protection Agency
HD heavy duty

ISM isomer (/ISM = and/or isomers)
KI potassium iodide
LC liquid chromatography

LC–MS liquid chromatography–mass 
spectrometry

LC-UV liquid chromatography with 
ultraviolet detection

LD light duty
m/z mass to charge ratio

MEK methyl ethyl ketone
MIBK methyl isobutyl ketone

MS mass spectrometry
MTBE methyl tert-butyl ether

NIST National Institute of Standards 
and Technology

R multivariate correlation coefficient
R2 multivariate coefficient of determination

RSD relative standard deviation (percentage)

SD standard deviation
SUB substituted

TENT tentative assignment
TMBZ trimethylbenzaldehyde

UNSAT unsaturated carbonyl
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INTRODUCTION 

Ambient air contains a mixture of particulate and gaseous
pollutants, some of which are designated as criteria pollut-
ants by the US Environmental Protection Agency (EPA*
1998). These are regulated by National Ambient Air Quality
Standards and include particulate matter less than 10 µm in
aerodynamic diameter (PM10 ), particulate matter less than
2.5 µm in aerodynamic diameter (PM2.5), ozone, carbon
monoxide (CO), nitrogen dioxide (NO2), lead, and sulfur
dioxide (SO2). In addition, a large number of other airborne
pollutants, known as hazardous air pollutants or air toxics,
have the potential to adversely affect human health. The air
toxics include several aldehydes such as formaldehyde and
acrolein, which are irritants and animal carcinogens. 

Ambient particulate matter (PM) comes from many
sources and varies in size, chemical composition, and
other physical and chemical properties, depending on the
sources of the particles and the changes they undergo in
the atmosphere. Anthropogenic sources of ambient parti-
cles include mobile sources (engines powered by diesel,
gasoline, or jet fuels), stationary sources (oil- and gas-fired
boilers and electric power plants), and other sources
(wood-burning fireplaces, paved and unpaved roads, ciga-
rette smoke, and food cooking). 

The Preface to this Research Report describes selection of
the study by Drs William Pierson, Alan Gertler and col-
leagues† of the Desert Research Institute in Reno, Nevada, as
part of HEI’s Diesel Epidemiology Project. The investigators
proposed to determine the contribution of diesel and gaso-
line engine emissions to the PM in air samples from a busy

highway tunnel. They also planned to determine the par-
ticle number and the speciated particle size distributions in
the tunnel air.  To assess changes in diesel emissions over
the past decade, they further planned to compare chemical
profiles obtained in their study with results of earlier tunnel
studies. (During the course of the study, Pierson died;
Gertler, who was involved with the study from its start,
became Principal Investigator.)

The second study described in this Research Report, by
Drs Daniel Grosjean and Eric Grosjean of DGA Inc in Ven-
tura, California, was submitted through the preliminary
application process and is complementary to HEI’s other
aldehyde studies. The investigators proposed to measure
carbonyls (aldehydes and ketones) in ambient urban air in
several US cities.  After the study had started, they joined
ongoing tunnel studies, at Caldecott Tunnel in California
and Tuscarora Mountain Tunnel in Pennsylvania, and mea-
sured carbonyls in these  tunnels.  This report contains the
results of these measurements and a comparison of two
sampling methods for carbonyls in one of the two tunnels.
Grosjean completed measurements for one US city. These
data are not included in this report.  In a follow-up study,
which is under negotiation with HEI, carbonyl measure-
ments will be made in ambient air of several other US cities. 

SCIENTIFIC BACKGROUND

The 1995 HEI summary of available epidemiology
studies concluded that the data support a weak association
between lung cancer and diesel exhaust exposure in occu-
pationally exposed individuals such as railroad workers
and truck drivers (HEI 1995). Most PM present in vehicle
engine exhaust is PM10. Recently,  there has been
increasing evidence of health effects from the fine fraction
of PM (PM2.5). (Because most diesel PM is less than 1 µm
in aerodynamic diameter, it falls into this latter category.) 

The EPA, the International Agency for Research on
Cancer (IARC), the World Health Organization, and the
National Institute of Occupational Safety and Health have
declared PM from diesel exhaust to be a probable human
carcinogen (Department of Health and Human Services
1988; IARC 1989; World Health Organization 1996; EPA
2000). The state of California  has designated it a toxic air
contaminant (California Environmental Protection Agency
[California EPA] 1998) and implemented a multifaceted pro-
gram to decrease diesel emissions. Although most diesel
research has focused on its possible contribution to lung
cancer, concerns recently have been raised on the effect of

* A list of abbreviations and other terms appears at the end of the Investiga-
tors’ Reports.

† Dr Gertler’s 1-year study, Sampling of Ambient Diesel Particulate Matter
in a Roadway Tunnel, began in January 1999. Total expenditures were
$234,727. The draft Investigators’ Report from Gertler and colleagues was
received for review in March 2000. A revised report, received in April
2001, was accepted for publication in May 2001. During the review process,
the HEI Health Review Committee and the investigators had the opportu-
nity to exchange comments and to clarify issues in both the Investigators’
Report and in the Review Committee’s Commentary.

Dr Grosjean’s 1-year study, Exposure to Air Pollutants from Motor Vehicle
Emissions: Speciated Carbonyls, Hydrocarbons, and Other Volatile Organic
Compounds, began in August 1999. Total expenditures were $85,951. The
draft Investigators’ Report from Grosjean and Grosjean was received for
review in October 2000. A revised report, received in February 2001, was
accepted for publication in April 2001. During the review process, the HEI
Health Review Committee and the investigators had the opportunity to
exchange comments and to clarify issues in both the Investigators’ Report
and in the Review Committee’s Commentary.

This document has not been reviewed by public or private party institu-
tions, including those that support the Health Effects Institute; therefore, it
may not reflect the views of these parties, and no endorsements by them
should be inferred.
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diesel PM on enhancing human allergic responsiveness and
asthma exacerbation (Diaz-Sanchez et al 1994, 1996, 1997). 

Concerns about both acute and chronic health effects
from PM derive primarily from epidemiologic studies
showing an association between short-term increases in
particle concentration and increases in daily morbidity
and mortality from respiratory and cardiovascular diseases
(reviewed by Ostro 1993; Dockery and Pope 1994; Samet et
al 1995, 1997, 2000; Moolgavkar and Luebeck 1996; EPA
1996; HEI 1999). The focus of one area of toxicologic
research on PM, targeted in HEI’s Strategic Plan for 1994–
1998 (HEI 1994) and continued in HEI’s most recent Stra-
tegic Plan (HEI 2000), is to discover which components or
attributes of the ambient air pollution mixture may be
most important in causing human toxicity. As Gertler and
colleagues point out in their Introduction, information on
PM emission rates from current vehicles is sparse. Their
study was designed to determine the PM emission rates of
the current fleet (including light-duty [LD] and heavy-duty
[HD] vehicles) and provide information on the chemical
and physical properties of fine particle emissions. LD
vehicles, predominantly gasoline-powered, weigh less
than 8,500 lb and include passenger cars, sport utility
vehicles, minivans, and pick-up trucks. HD vehicles, pre-
dominantly diesel-powered, weigh more than 8,500 lb and
include trucks and buses. HD vehicles are further subdi-
vided into weight classes. 

The study by Grosjean and Grosjean addressed aldehyde
levels in ambient air. Aldehydes are ubiquitous; they may
form in the atmosphere from photochemical oxidation of
hydrocarbons or may be directly emitted from motor vehi-
cles and other sources. Health concerns related to aldehydes
include skin, eye, and respiratory tract irritation, asthma,
and cancer (reviewed by Leikauf 1992). Formaldehyde has
been studied extensively and is designated a probable
human carcinogen; several other aldehydes have been des-
ignated probable or possible human carcinogens (EPA
2001). Whereas ample information is available on exposure
levels and health effects for formaldehyde and to a lesser
extent acetaldehyde and acrolein, such information is
lacking for many other aldehydes. Detailed exposure infor-
mation would allow researchers to focus on the health
effects of aldehydes that are present in the highest quanti-
ties in ambient air. The study by Grosjean and Grosjean was
designed to identify over 60 carbonyls in ambient air and to
quantify exposure levels for 30 known carbonyls. By mea-
suring carbonyls in tunnel air with distinctly different
traffic patterns, they intended to compare carbonyl emis-
sions from LD vehicles (gasoline powered cars) with HD
vehicles (diesel powered trucks).

Gertler and colleagues provide new information on
emission factors, particle size distribution, the chemical
composition of diesel and gasoline engine PM, and gas-
eous emissions.  Gertler also compares current emissions
with levels at specific time points in the past.  Grosjean
and Grosjean focus on carbonyl emission factors for diesel
and gasoline engines. The methods they developed
allowed them to identify and quantify up to 100 carbonyls
in a single sample.

TECHNICAL EVALUATION OF THE GERTLER 
REPORT

OBJECTIVES

The specific objectives of the study were to:

1. Obtain chemically speciated diesel emission profiles
for source apportionment of diesel exhaust versus oth-
er ambient constituents and to determine the chemical
species present in on-road (rather than dynamometer-
derived) diesel emissions;

2. Measure particle number and size distribution of
chemically speciated particles from motor vehicles
under real-world conditions; 

3. Identify, by reference to data in years past, how much
change has occurred in diesel exhaust particulate mass; 

4. Measure PM emissions from LD gasoline-engine vehi-
cles to determine their contribution to the observed par-
ticle levels compared to HD diesel-engine vehicles and,

5. Determine changes over time in gas phase emissions
by comparing the results of this study with those of
previous studies.

The investigators concentrated on six areas of investiga-
tion to address the following questions:

1. PM Mass Emission Rates: What are the observed LD-
and HD-engine mass emission rates and how have
they changed between 1974 and 1999 (Objective 3).
How important are PM emissions from LD vehicles
(Objective 4)?

2. Chemically Speciated Emission Rates: What is the
chemical composition of emissions from the current
fleet (Objective 1)?

3. PM2.5 Emission Profiles: Based on the chemically spe-
ciated emission rates described in the previous sec-
tion, what species are important in current profiles
(Objective 1)? How have emission profiles changed
over the years (Objective 1 and related to Objective 3)?
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4. Size-Segregated and Chemically Speciated Emissions:
Are there differences in the chemical composition of
discrete particle size fractions (Objective 2)?

5. Particle Size Distribution Measurements: Do on-road
vehicle sources emit large numbers of ultrafine parti-
cles (Objective 2)?

6. Gas Phase Emissions: How have gaseous emissions
changed and has the nitrogen oxides (NOx) emission
rate from HD vehicles increased (Objective 5)?

STUDY DESIGN AND METHODS

The investigators performed a series of measurements
in the Tuscarora Mountain Tunnel on the Pennsylvania
Turnpike. The tunnel is on a busy controlled-access
roadway, far from any entry point, and nearly flat from
end to end. The vehicles were traveling at the speed limit
in a fuel-efficient hot-stabilized mode. The investigators
analyzed emissions during 19 one-hour periods and one
two-hour period (the latter to collect a larger PM sample
from LD vehicles) between May 18 and May 23, 1999.
(Each time period is termed a run.) A total of 9,771 vehi-
cles were observed (6,888 automobiles, 290 medium
trucks, and 2,883 large trucks). A video camera recorded
the vehicles during each run. For each run, the investiga-
tors recorded the number of LD and HD vehicles tra-
versing the tunnel, their ages, and their average speed.
They counted the numbers of vehicles at days and times
when the distribution of the two classes varied. For
example, HD vehicles dominated late-night periods, while
LD vehicles dominated at midday and during weekends.
This allowed the investigators to estimate the average con-
tributions to the ambient air for each class.

Two special purposes of the study were source appor-
tionment of LD and HD vehicle emissions and improved
understanding of ultrafine particle emissions. (Ultrafine
particles are < 0.1 µm; thus they are a part of PM2.5.
Because ultrafine particle mass is very small, they are usu-
ally represented by particle number.) The investigators cal-
culated emission levels of a broad range of air pollutants by
measuring the composition of airflow into and out of the
tunnel with extensive and precise instrumentation. They
measured PM2.5, PM10, size-fractionated particle mass, the
concentrations of selected elements, polynuclear aromatic
hydrocarbons (PAHs), C8 to C20 hydrocarbons, CO, carbon
dioxide (CO2), total hydrocarbons (THC), nitric oxide (NO),
and NOx. The analytical procedures used in this study were
state-of-the-art. The procedures are, in most cases, listed in
tables accompanying this Commentary. 

Gertler and coworkers sampled vehicle emissions at the
inlet and outlet of the tunnel, a few meters in from each

portal, to ensure that only tunnel air was captured. Each
sampling station contained a battery of sampling equip-
ment.

● An anemometer measured airflow.
● A Tedlar bag air sampler collected CO, CO2, THC,

NO/NOx.
● A canister sampler collected sulfur hexafluoride. 
● Tenax solid adsorbent tubes collected C8 to C20 hydro-

carbons.
● A polyurethane foam-divinylbenzene resin sampler

collected semivolatile PAHs, which are distributed be-
tween gaseous and particulate phases. 

● A Davis rotating unit for monitoring (DRUM) sampler
fractionated particle mass by size and samples were
used for particle speciation.

● An interagency monitoring of protected visual envi-
ronment (IMPROVE) instrument collected PM2.5 on
filters for mass and speciation measurements.

● A DustTrak sampler measured PM10 mass concentra-
tion by light-scattering technology.

In addition, the investigators moved a scanning mobility
particle sizer (SMPS)/condensation nuclei counter system
between the tunnel outlet and inlet to measure size-fraction-
ated particle number counts. Instruments for measuring
ambient temperature, humidity, and barometric pressure
were located adjacent to the monitoring locations.

RESULTS AND INTERPRETATION

The investigators collected a vast amount of data. This
section summarizes the key results of the study. 

PM Mass Emission Rates

The investigators used two methods to estimate PM
mass emission factors. In the first, they determined PM2.5
with the IMPROVE (which collects particles on a filter for
gravimetric analysis) and PM10 by light scattering with the
DustTrak. The text of this section of the Commentary pre-
sents emission factors as grams per mile. Commentary
Table 1 also presents the results as grams per kilometer.

The overall mean PM2.5 emission factor was 0.100 g/mi.
The variation in the fraction of HD and LD vehicles at dif-
ferent times or days (described above) allowed the investi-
gators to estimate the relative contributions to PM2.5
levels. By regression analysis, Gertler and colleagues esti-
mated the PM2.5 emission factor for HD vehicles to be
0.217 g/mi and that for LD vehicles to be 0.022 g/mi. How-
ever, a small change in the slope of the regression line
determining the LD emission factor would have a large
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effect on the result and increase the uncertainty associated
with these data. The PM10 estimated emission factors for
the HD and LD vehicles were 0.292 g/mi and 0.016 g/mi,
respectively. Thus, the LD PM2.5 emission factor is greater
than the LD PM10 emission factor. 

Since PM2.5 is a component of PM10, it is initially
unclear how its value could be greater. In their report,
however, Gertler and colleagues cite the large uncertainty
associated with regression-derived LD emission factors
(note the large standard deviation for these values in Com-
mentary Table 1). In addition, the use of different methods
for estimating PM10 and PM2.5 (and the presence of only
small amounts of road dust that would contribute to the
larger-size fraction of PM10) could also lead to some com-
parisons resulting in a greater level of LD PM2.5 compared
with LD PM10 (AW Gertler, personal communication,
2001). Although the HD PM2.5 emission factor was approx-
imately ten times greater than the LD emission factor, the
authors suggest that because LD vehicles dominate the
overall fleet, their actual contribution to particle levels in
ambient air may exceed that of HD vehicles. This conclu-
sion needs further validation in other studies because the
method used to estimate LD particulate emissions from the
tunnel measurements is not precise. 

The data in Tables 2 and 3 of the Investigators’ Report
also indicate uncertainty associated with the PM2.5 and
PM10 emission factors for the mix of vehicles. Among the
11 PM10 measurements in Table 2, three (runs 2, 14, and
18) are lower than the corresponding PM2.5 measurements
in Table 3 and in one case (run 11) the two are almost
equal. Again, these results most likely result from uncer-
tainty in measuring LD vehicles’ particulate emissions. 

The investigators used a second method to derive PM2.5
emission factors by reconstructing the PM2.5 mass by
chemical speciation. The investigators used three different
mass reconstructions based on different methods of speci-
ating PM and including or not including the contributions
from trace inorganic species. As the authors point out, the
carbon fraction is critical in mobile source emissions. This

fraction consists of elemental carbon (EC), primarily found
as core diesel engine emission particles, and organic
carbon (OC), primarily found as PAHs in gasoline engine
emissions. 

The components and analytical methods for deter-
mining the reconstructed masses are listed in Commentary
Table 2. (The thermal optical reflectance [TOR] method
cited in Commentary Table 2 separates OC into four frac-
tions and EC into three. A detailed description of this
method can be found in the section of the Investigators’
Report entitled “Chemically Speciated Emission Rates.”)
The authors suggest that OC measurements by TOR are
less reliable than those obtained by proton elastic scat-
tering analysis (PESA). Because most speciated emission
profiles in the literature used the TOR analysis to report
OC and EC, however, they also used TOR for consistency.
In general, the reconstructed masses increased the esti-
mated HD PM2.5 emission factor approximately two-fold

Commentary Table 2. Chemical Speciation for 
Reconstructing PM Mass

First reconstructed mass
• Selected inorganic soil elements (Al, Si, Ca, Fe, Ti) by 

particle-induced x-ray emission (PIXE)
• Organic carbon (OC) by proton elastic scattering analysis 

(PESA)
• Elemental carbon (EC) by thermal optical reflectance 

(TOR)
• Organic matter by PESA-derived hydrogen

Second reconstructed mass
• OC by TOR substituted for PESA analysis

Third reconstructed mass
• Expanded number of inorganic elements by PIXE
• EC by TOR
• OC by PESA

Commentary Table 1. Estimated Mass Emission Factors

PM10
a PM2.5

b PM10 PM2.5

g/mi ± SD g/km ± SD

HD + LD 0.141 ± 0.086 0.100 ± 0.067 0.087 ± 0.054 0.062 ± 0.042
HD 0.292 ± 0.021 0.217 ± 0.029 0.181 ± 0.013 0.135 ± 0.018
LD 0.016 ± 0.018 0.022 ± 0.021 0.010 ± 0.011 0.014 ± 0.013

a PM10 measured by DustTrak. 

b PM2.5 measured by IMPROVE.
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and reduced the LD factor by a similar amount. The
authors point out that the uncertainty associated with the
LD emission factors was considerably greater with these
methods of reconstructing PM mass. 

The investigators compared the PM10 and PM2.5 emis-
sion factors obtained in this study with earlier dynamom-
eter and tunnel studies (Table 4 in the Investigators’ Report
with accompanying references). Dynamometer-derived
emission rates for LD vehicles (excluding high emitters and
vehicles with visible particulate emission, referred to in the
Investigators’ Report as smokers) were lower than the
tunnel-derived, on-road emission factors. The dynamom-
eter-derived factors for high emitters and smokers
approached or exceeded the tunnel-derived rates. Dyna-
mometer-derived HD PM2.5 emission factors (Lowenthal et
al 1994) exceeded that found in the current study. 

Emission factors from tunnel studies are likely to be more
directly comparable because of the on-road setting and sim-
ilar operating conditions. For example, vehicles in tunnels
like the Tuscarora Mountain Tunnel are in the hot-stabilized
driving mode because they usually maintain a constant high
speed. The PM10 emission factor for LD vehicles measured
in the Fort McHenry Tunnel in Baltimore MD in 1993
(Gertler et al 1995) was similar to the LD factor in the cur-
rent study. In contrast, the HD emission factor decreased by
over 50% over the intervening six years. Note that the auto-
mobiles traversed both tunnels at similar speeds and with
little congestion (AW Gertler, personal communication,
2001), making data from the two studies directly compa-
rable. Figure 9 in the Investigators’ Report, comparing HD
PM2.5 emission factors from tunnel studies between 1975
and the 1999 (current) study, indicates that current HD
PM2.5 emission factors were approximately 10% of the 1975
level. The authors attribute this decline to improved diesel
fuel and engine technology in the newer vehicles.

Chemically Speciated Emissions

The investigators determined emission factors for inor-
ganic and organic species using the methods listed in
Commentary Table 3. A large number of the speciated
emission factors were negative. The investigators point out
that measurements of species whose emissions are near
zero or are at or near the analytical detection limits may
produce negative emission factors. In these instances, ran-
domness or errors in the measurements are larger than the
true values. Because negative emission factors are not pos-
sible, the investigators removed one third of the data
obtained in this section of their study. Because random
variations and errors may go in either direction, removing
only those in a downward direction will  bias the
remainder upward to some degree.

Inorganic Emission Rates HD emissions of hydrogen,
manganese, and iron were 4.5-fold, 6.9-fold, and 9.5-fold
higher than the LD emissions (Table 5 in the Investigators’
Report). In a 1977 study performed in the same tunnel,
Pierson and Brachaczek (1983) reported that diesel
engines emitted approximately 75 mg hydrogen/mi, while
in the current study HD hydrogen emissions were 7
mg/mi. Elemental hydrogen comes predominantly from
hydrocarbons; thus, hydrocarbon emissions from diesel
engines have been significantly reduced. Iron emissions
were reduced from 8 mg/mi in 1977 to 2.5 mg/mi over the
same period, but manganese levels increased from 0.54
mg/mi in 1977 to 4.5 mg/mi in the current study. Iron
levels can be attributed to brake and engine wear and man-
ganese to lubrication additives (AW Gertler, personal com-
munication, 2001). 

Semivolatile Organic Compound Emission Rates H D
vehicles emitted higher amounts of the heavier normal
alkanes compared with LD vehicles. For example, HD
emissions of decane, undecane, dodecane, tridecane, and
pentadecane were 5.9-fold, 7.4-fold, 12.1-fold, 15.3-fold,
15.8-fold, and 5.1-fold higher, respectively, than the LD
emissions (Table 6 in the Investigators’ Report). HD emis-
sions of semivolatile organic compounds were also higher
than LD emissions in a 1992 study performed in the same
tunnel (Sagabiel et al 1996); however, there are two critical
differences between the results of the two studies. First,
the current emission factors were much lower, and second,
the differences between the HD and LD emission factors
were less than in 1992. Therefore, over the seven-year

Commentary Table 3. Methods to Determine Chemically 
Speciated Emission Rates

PM2.5 samples were collected on three substrates in the 
IMPROVE sampler:

• Hydrogen (organic hydrocarbons) and inorganic species 
(S through U) on Teflon and analyzed by PIXE, XRF, 
and PESA;

• Sulfate and nitrate on nylon and analyzed by ion 
chromatography;

• OC and EC on quartz and analyzed by TOR.

C8 to C20 hydrocarbons on solid Tenax tubes were 
separated by high-resolution GC and Fourier transform 
infrared detection MS.

PAHs collected on polyurethane foam–divinylbenzene 
resin were analyzed by electric impact GC/MS.
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period, emissions of semivolatile organics from both diesel
and gasoline engines decreased, but those from diesel
engines decreased at a greater rate.

PAH Emission Rates The HD-vehicle emission factors of
several lightweight PAHs were higher than LD-vehicle emis-
sion factors. For example, Table 7 in the Investigators’
Report indicates that the HD-vehicle emission factors for
naphthalene, 2-methylnapthalene, and 1-methylnapthalene
were 6.8-fold, 1.6-fold, and 2.1-fold higher, respectively,
than the LD-vehicle emissions. Uncertainties in deter-
mining emission factors of other PAHs were too great to
allow determination of the relative magnitude of the LD and
HD sources.

PM2.5 EC and OC Emissions T he  au tho rs  r ep or t ed
(Table 5 of their report) that the total EC and OC in HD
emissions were 56-fold and 40-fold higher, respectively,
than in LD emissions. 

PM2.5 Emission Profiles

As stated by the authors, chemical profiles are needed to
assess the impact of mobile source emissions on ambient
PM. They developed PM2.5 profiles for the inorganic spe-
cies and the PAH components of the OC fraction. 

The investigators developed profiles from the regres-
sion analyses derived for emission factor estimates for
total PM2.5 (see PM Mass Emission Rates in the Investiga-
tors’ Report) and speciated PM2.5 emission factors (see
Chemically Speciated Emission Rates in the Investiga-
tors’ Report). Carbon dominated the total and speciated
PM2.5 mass fraction profile for LD vehicles. The roughly
equivalent amounts of EC and OC were surprising
because OC is believed to be the predominant carbon spe-
cies in LD engine emissions. However, the authors point
to the considerable uncertainty associated with these
values. The contribution from inorganic species to the
mass fraction profile was small. The total and speciated
PM2.5 mass fraction profile for HD vehicles was also dom-
inated by carbon. The ratio of EC/OC is greater than one,
supporting the general consensus that EC is the predomi-
nant carbon species in diesel engine emissions, but the
authors again cite the uncertainties associated with esti-
mating EC and OC mass fractions.

Another study from the same laboratory (Gillies and
Gertler 2000) indicated that the relative amounts of EC
and OC in PM emissions from gasoline and diesel vehicles
were highly variable. For example, EC/OC ratios varied by
as much as four orders of magnitude for LD vehicles and
two orders of magnitude for HD vehicles. In a dynamom-
eter study conducted by Norbeck and colleagues (1998),

cited in the current report, mean EC/OC ratios for LD vehi-
cles were greater than one. Gertler and colleagues con-
cluded from these data  that LD vehic les emitted
considerable amounts of EC. Thus, measuring EC and OC
levels may not accurately determine the contribution of
gasoline and diesel vehicles to PM emissions. This calls
into question the use of EC levels as a proxy for diesel-
related particles in many investigations where LD vehi-
cles may also be significant sources of PM.

Size-Segregated and Chemically Speciated Emissions 

A key goal of the study was to determine the particle
size and composition of mobile source PM emissions. The
methods used in this section are presented in Commentary
Table 4. The investigators analyzed tunnel air in six size
ranges or stages (see Commentary Table 4). Hydrogen
(likely in the form of hydrocarbons) was a major compo-
nent in filter stages 4 through 8 (0.07 to 2.5 µm). Other
components were iron (stages 4, 5, and 8), the crustal com-
ponents aluminum and silicon (stage 8), and sulfur. Sulfur
was found in stages 6 and 7 and was the most abundant
element in the smallest particles (less than 0.07 µm) cap-
tured by the afterfilter.

HD hydrogen was concentrated in stages 5 and 8 and the
afterfilter. Because iron was also concentrated in stages 5 and
8, Gertler and colleagues proposed that the mechanism of for-
mation of these particles may be similar. HD sulfur emissions
were highest on stage 8 and the afterfilter. The authors pro-
pose that the source of the sulfur is sulfate or sulfuric acid

Commentary Table 4. Measurement of Size-Segregated 
and Chemically Speciated Emissions

A DRUM sizing impactor separated tunnel air into eight 
size ranges (stages) and an afterfilter captured lower-size 
species.

Stage 1: 15 to 10 µm
Stage 2: 10 to 5 µm
Stage 3: 5 to 2.5 µm

Stage 4: 2.5 to 1.15 µm
Stage 5: 1.15 to 0.56 µm
Stage 6: 0.56 to 0.34 µm

Stage 7: 0.34 to 0.24 µm

Stage 8: 0.24 to 0.07 µm
Afterfilter: less than 0.07 µm

The first three stages were not analyzed because this study 
did not consider the larger PM fractions. Samples on 
stages 4 to 8 and the afterfilter were analyzed by PIXE in 
conjunction with forward α–scattering techniques.
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formed from the sulfur in the fuel and condensed into very
small particles. LD emissions did not show a similar pattern,
but the LD levels were low and near the limits of detection.
This may be due to the relatively higher sulfur levels in diesel
fuel; it is likely that with the requirement of much lower
levels of sulfur in diesel and gasoline in the coming decades,
these sulfur contributions will drop substantially.

Measurement of Particle Size Distribution 

The object of this aspect of the study was to determine the
number of ultrafine particles (below 100 nm [0.1 µm] in
aerodynamic diameter) emitted by HD and LD vehicles. The
investigators determined particle number distributions with
the SMPS when the percentages of HD vehicles were 64.5%,
78.6%, 13.3%, and 15.2%, respectively (cases 1–4 in the
Investigators’ Report). In cases 1 and 2 (HD vehicles pre-
dominant), the majority of the particles were in the nucle-
ation mode (defined as particles from 0.0075 to 0.042 µm)
with similar peak diameters (16 and 17 nm, respectively).
The average particle concentration was 105 particles/cm3,
and the average rate of particle production was estimated to
be 4.2 × 1013 particles/veh-mi. In cases 3 and 4 (LD vehicles
predominant), the majority of the particles were also in the
nucleation mode, but the peak diameters were smaller (13
and 11 nm, respectively). The average particle concentra-
tion and the rate of particle production were also lower (0.7
× 105 particles/cm3 and 8.5 × 1012 particles/veh-mi). The
results indicate that the contribution of an average LD
vehicle to ultrafine particle production was smaller than
that of an average HD vehicle. However, the investigators
point out that there is considerable uncertainty associated
with the estimates of particle production rates.

Gas Phase Emissions

The method used in this section of the study is pre-
sented in Commentary Table 5. The HD emission rates of
CO2, NO, NOx, and THC were 4.8, 28.1, 61.4, and 3.7-fold
higher than the LD emission rates. However, when the
authors compared their current data with their 1992 study
at the same tunnel (Pierson et al 1996), they found that
CO2 emissions from the LD fleet were unchanged but HD

CO2 emissions decreased by 25%. (Improvements in CO2
emissions are thought to reflect improved fuel economy,
and the authors attribute the unchanged LD CO2 emissions
to the increased use of sport-utility vehicles.) LD CO emis-
sions decreased by 36% over the seven-year period; how-
ever, HD CO emissions, which were detectable in the 1992
study (only slightly higher than the LD CO emission rate),
were undetectable in the current study. THC emission
rates for the two studies could not be compared because
the 1992 study measured nonmethane hydrocarbons. (All
data are taken from Table 19 of the Investigators’ Report.) 

The investigators present a detailed discussion of
changes in NOx emissions in this section of their report.
Gertler and colleagues estimated that 50% of the HD fleet
passing through the tunnel contained the new generation
of diesel engines built after 1992. They suggest that regu-
lations on diesel emissions, implemented after their 1992
study (Pierson et al 1996), should have reduced NOx
emissions from this fraction of the HD fleet by 18% from
1992 levels based on more stringent emissions standards.
Therefore, they estimate that the overall reduction of NOx
emissions (taking into consideration the contributions
from the older HD vehicles in this study) should be at
least 9%. However, the data in Table 19 in the Investiga-
tors’ Report indicates that 1992 and 1999 HD NOx emis-
sions were essentially unchanged. 

In contrast, as stated above, the CO2 emission rate
declined (an indication of improved fuel economy)
between 1992 and 1999. Thus, the NOx/CO2 ratios should
determine whether NOx emissions have changed relative
to fuel consumption. Because this ratio increased by
almost 48% between 1992 and 1999, the authors conclude
that the new-technology diesel engines, although designed
to meet the standard for reduced NOx emissions, are being
operated to improve fuel economy but at the cost of
unchanged NOx emissions, which are precursors of
ground-level ozone. 

DISCUSSION 

The study by Gertler and colleagues adds substantially
to our knowledge of the emission factors, particle size dis-
tribution, and chemical composition of diesel and gasoline
PM under on-road driving conditions and presents new
data on gaseous emissions. They used state-of-the-art
instrumentation and minimized extraneous influences on
emissions by performing the study in a highway tunnel. 

The major strengths of the study were:

● It was conducted carefully by researchers with consid-
erable experience in tunnel studies.

● It was well designed and produced a large amount of

Commentary Table 5. Measurement of Gaseous Emissionsa

CO: Dasibi Instruments model 3003
NOx: Thermo Environmental Instruments model 42
CO2: Thermo Environmental Instruments model 40
THC: Rosemount Analytical model 400A

a Taken from Table 18 of the Investigators’ Report.
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high-quality data.
● It contributed a significant amount of information on the

nature of particulate and gaseous emissions from HD
and LD vehicles under real-world driving conditions. 

● It allowed for the comparison of current emissions
with levels at certain points in the past.

Commentary Table 6 presents the major results from this
study. 

The data collection methods used in this study were
state-of-the art. When the investigators determined chemi-
cally speciated emission factors, however, they were
forced to remove one third of their determinations due to
negative emission factors likely caused by analytical
detection limits. This biased the remaining results. In
addition, many of the determinations have large uncertain-
ties. For example, the authors cite the uncertainty in their

measurement of EC and OC mass fractions, calling into
question the use of EC levels as a proxy for diesel-related
particles. The authors’ conclusion that the contribution of
LD vehicles to PM in ambient air may be greater than that
of HD vehicles must be viewed cautiously because of the
large uncertainties associated with estimating PM emis-
sion factors. Highway tunnel studies have some inherent
benefits and disadvantages. Since both Gertler and
Grosjean studied tunnels, the general limitations of tunnel
study design are presented in the General Discussion.
These limitations were well understood by the investiga-
tors and HEI and are discussed in the Gertler and
coworkers Investigators’ Report. 

Nevertheless, the study by Gertler and colleagues
advances our knowledge of how particle mass (PM10 and
PM2.5) emissions vary between HD and LD vehicles and,
by comparison with earlier tunnel studies, indicates how
they have changed over time. The investigators provide
useful data on the chemical (sulfate, inorganic elements,
EC, OC, PAHs) and physical nature (particle size, particle
number distribution) of the particles produced and con-
centrations of various constituents of gaseous vehicle
emissions (NOx, NO, CO, CO2, hydrocarbons). These data
will help to assess the contribution of motor vehicle partic-
ulate and gaseous emissions to ambient air quality.

SUMMARY

The study by Gertler and colleagues adds substantially
to our knowledge of the emission factors, particle size dis-
tribution, and chemical composition of diesel PM and the
levels of gaseous emissions produced under a select set of
on-road driving conditions. For comparison, the investiga-
tors reported data for gasoline-engine emissions and ear-
lier studies of HD and LD emissions. The researchers used
state-of-the-art instrumentation and minimized extraneous
influences on emissions by performing the study in a
highway tunnel. 

HD vehicle particle emission rates were higher than
those from LD vehicles. The ultrafine fraction of PM, which
contained sulfur as a major component, dominated particle
number concentrations of both HD and LD vehicles. The
level of HD hydrogen (assumed to reflect hydrocarbons in
emissions) in the current study was 10% of that seen in a
1977 study performed in the same tunnel. Comparing the
data in the current study with those from a 1992 study at
the same tunnel indicated that HD CO2 emissions
decreased by 25% and CO emissions, which were detect-
able in 1992, were undetectable in the current study.
Hydrocarbon emission (C8–C20) of HD vehicles exceeded
that of LD vehicles in the current study. However, com-
paring the data with the 1992 study demonstrated that both

Commentary Table 6. Major Results from Study by 
Gertler and Colleagues

• LD PM2.5 mass emission factors were 8 to 10 times 
lower than HD PM2.5 emission factors. Because LD 
vehicles dominate the overall fleet, the authors suggest 
that the PM contribution from this fleet may exceed 
that of the HD fleet. This finding must be viewed with 
caution due to uncertainties associated with deriving 
LD emission factors. Additional research is required to 
investigate the validity of this finding.

• Comparing the current (1999) study with a 1993 study 
at a similar tunnel indicated that HD PM10 levels 
decreased by approximately 50% while LD PM10 levels 
showed little change.

• Comparison of tunnel studies between 1975 and the 
current study indicated that HD PM2.5 emission factors 
decreased by approximately 90%. (There are fewer data 
on historical LD PM2.5 emission factors.)

• Comparing a 1997 tunnel study with the current study 
indicated that HD emissions of hydrogen (assumed to 
represent hydrocarbon emissions) fell by 
approximately 90%.

• HD emissions of semivolatile hydrocarbons were 
higher than LD emissions. Compared with a 1992 
tunnel study, the current emissions were lower and the 
differences between HD and LD narrowed. Thus, 
emissions from HD vehicles decreased at a greater rate.

• HD CO emissions, which were detectable in a 1992 
tunnel study, were undetectable in the current study.

• HD CO2 emissions decreased by 25% from the 1992 
tunnel study, indicating improved fuel economy.

• NOx levels remained approximately the same between 
the two studies.
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the current emission factors and the difference between the
HD and LD emission factors were lower; therefore, HD emis-
sions have been reduced more than LD emissions. Com-
paring HD PM2.5 emission factors from tunnel studies
between 1975 and the 1999 (current) study, indicated that
current HD PM2.5 emission factors were approximately 10%
of the 1975 level. Comparing the results of a 1993 tunnel
study with the current study indicated that the HD PM10
emission rate decreased by approximately 50%.

In the current study, LD PM2.5 mass emission rates were
8 to 10 times lower than HD PM2.5 mass emission rates.
Because LD vehicles dominate the overall driving fleet,
however, the authors suggest that the total PM contribu-
tion from those vehicles may exceed that of the HD fleet.
This remains a question for study; the method used to esti-
mate the LD vehicles’ particulate emissions from the
tunnel measurements did not allow a precise determina-
tion of their magnitude. 

The authors suggest that new regulations on diesel emis-
sions, implemented after 1992, should have decreased
NOx emissions. Comparing the data from the current study
and a 1992 tunnel study indicated that HD vehicle NOx
levels were unchanged. Because CO2 emissions decreased
(an indicator of improved fuel economy), the authors sug-
gest that the newer diesel engines, although designed to
reduce NOx emissions, are being operated to improve fuel
economy but at the cost of NOx emissions.

TECHNICAL EVALUATION OF THE GROSJEAN 
REPORT

The primary objective of this study was to identify and
measure carbonyls (aldehydes and ketones) in the ambient
air of highway tunnels and to estimate carbonyl emission
factors for LD and HD vehicles. A second objective was to
compare two carbonyl sampling methods using sampling
cartridges containing a silica gel or C18 matrix. A third
objective, to measure carbonyls in the ambient air of several
US cities (part of Dr Grosjean’s original proposal), was par-
tially completed and will be addressed in a follow-up study.

APPROACH

Field studies were conducted at two highway tunnels,
the Tuscarora Mountain Tunnel in Pennsylvania (the same
tunnel as in the Gertler study) and the Caldecott Tunnel in
California. Samples were collected during 10 one-hour
assessments on 4 consecutive days in May 1999 (Tusca-
rora; these were the same dates as in the Gertler study) and
during 8 two-hour assessments during 3 weeks in August
and September 1999 (Caldecott). All samples were ana-

lyzed by liquid chromatography with detection by diode
array ultraviolet spectroscopy and by atmospheric pres-
sure negativeion chemical ionization mass spectrometry.
This latter method, developed by the investigators, cap-
tures up to 100 carbonyls, both known and unidentified.
To evaluate the two sampling methods, samples were col-
lected on co-located C18 and silica gel cartridges at the
inlet and outlet of the Caldecott tunnel. 

Carbonyl emission factors were calculated by distance
traveled (in milligrams per kilogram at the Tuscarora Moun-
tain Tunnel) or by fuel consumed (in milligrams per liter at
the Caldecott Tunnel). To convert one emission factor to the
other, fuel economy data were used (ie, 14.75 km/L for LD
and 3.15 km/L for HD vehicles) (conversion factor from
Gertler et al in this report). Because the composition of emis-
sions depends on the type of vehicle, vehicle speed, fuel
composition, ambient temperature, and other factors, the
investigators videotaped traffic in both tunnels and placed
anemometers and samplers for CO2 and NOx adjacent to the
carbonyl samplers. The number of LD, class HD 4–6
(< 26,000 lb), and class HD 7–8 (≥ 26,000 lb) vehicles was
recorded. The average model year for LD vehicles, average
vehicle speed, and concentrations of CO2 and NOx at the
tunnel inlet and outlet were determined. Vehicle fuel com-
position was not analyzed but was assumed to meet the fed-
eral specifications for reformulated gasoline and for diesel
fuel. The formulas for calculating the emission factors for
both tunnels are provided in the Investigators’ Report.

SUMMARY OF RESULTS 

A summary of the key results is presented in Commentary
Table 7. Grosjean identified and measured concentrations of
about 30 carbonyls from the two tunnels and calculated emis-
sion factors for these compounds. In both tunnels 70 addi-
tional carbonyls were identified but not quantified. Total
carbonyl emission factors from class 7–8 HD vehicles were
about 4 times those from LD vehicles when calculated on a
distance-traveled basis (26.1 mg/km vs 6.4 mg/km, respec-
tively). Total carbonyl emission factors for class 7–8 HD vehi-
cles were slightly less than for LD vehicles when calculated
on a fuel-consumed basis (82 mg/L vs 95 mg/L, respectively). 

Formaldehyde, acetaldehyde and acetone were the three
major components of carbonyl emissions for both LD and
HD vehicles. There were distinct differences in emission
factors and ratios between HD and LD vehicles for various
carbonyls; for example, aromatic carbonyls accounted for
15.8% of HD and 4.9% of LD emissions. Emission factors
for some LD carbonyl emissions were similar in both tun-
nels (such as for total carbonyls and formaldehyde), but
substantial differences were noted for other carbonyls (for
example, aromatic carbonyls).
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A comparison of carbonyl concentrations using silica
gel and C18 cartridges, which is presented in Appendix A of
the Investigators’ Report, indicated a high degree of correla-
tion among 26 of the 32 carbonyls assessed. Poor correlation
was observed for three carbonyls: acetone, 2-butanone, and
biacetyl, for which the C18 cartridges recorded lower con-
centrations than did the silica gel cartridges.

DISCUSSION

This was a small, well-conducted study. The analytical
methods developed by Grosjean for carbonyl identification
and quantification are sound and appropriate to meet the
study objectives, and they generated high quality data. As
a result, the report provides important carbonyl emission
factors for LD and HD vehicles, obtained in a real-world
situation rather than from dynamometer measurements,
and provides important methodological insight by a thor-
ough comparison of two sampling methods. 

Detailed information on carbonyl levels in ambient air is
available for only a few compounds, such as formaldehyde
and acetaldehyde. Several aldehydes are known to have
adverse human health effects; for example, the EPA (2001)

classifies formaldehyde and acetaldehyde as probable and
acrolein and crotonaldehyde as possible human carcino-
gens when they are inhaled. Inhaled formaldehyde is also
characterized as a probable human carcinogen by IARC
(1995) and as a carcinogen by the California EPA (1992).
Effects from acute exposure to aldehydes can range from
eye and throat irritation in humans and animals to genetic
damage in isolated cell exposure under culture conditions.
The severity of the effects depends on the toxicity of the
particular aldehyde as well as the exposure concentration
and duration (Leikauf 1992). In addition to the carbonyls
mentioned above, for which exposure levels are being
investigated under HEI’s aldehydes research program, the
study by Grosjean provides information on many other
carbonyls of known and unknown composition. For sev-
eral unknown compounds, the molecular weight and
chemical properties of the compound (aromatic or ali-
phatic, saturated or unsaturated) could be determined, but
positive identification was not possible due to lack of a ref-
erence standard. For example, 4 aliphatic C14 isomers
were identified as such.

The methods developed by the investigators allow the
identification and quantification of up to 100 carbonyls in
a single sample. These methods allow for substantial
expansion of the current database on carbonyl levels in
ambient air. This information is valuable for future toxi-
cology and risk assessment efforts to determine the poten-
tial health effects of exposure to those aldehydes that have
not received the attention given to compounds such as
formaldehyde and acetaldehyde. It is also important to be
able to determine which aldehydes may be of most con-
cern for future health effects studies. In addition, when
more extensive databases for carbonyl levels in tunnel and
ambient air have been generated, one or a select group of
marker compounds might be identified that are representa-
tive of LD but not HD motor vehicle emissions. Such
marker compounds may aid in source apportionment.

As mentioned in the Technical Evaluation of the Gertler
Report, highway tunnel studies have inherent benefits and
disadvantages. Because both the Gertler and Grosjean
studies were tunnel studies, limitations of the tunnel study
design are presented in the General Discussion. These limi-
tations were well understood by the investigators.

The Grosjean study found lower emission factors for HD
vehicles than have been reported in previous tunnel
studies (see Grosjean Report Table 9). This may be due in
part to assumptions used when calculating emission fac-
tors (see General Discussion). In addition, the extent to
which measurements of carbonyls at the tunnel exits were
reduced by adsorption to surfaces in the tunnel remains
undetermined. Another caveat regards the exclusion of

Commentary Table 7. Major Results from Study by 
Grosjean and Colleaguesa

• About 30 carbonyls were identified and quantified in 
both tunnels.

• 70 additional carbonyls were identified (but not 
quantified).

• At the Caldecott Tunnel, LD total carbonyl emissions 
were 68.4 mg/L. At the Tuscarora Mountain Tunnel, LD 
total carbonyl emissions were 94.9 mg/L and HD total 
carbonyl emissions were 82.1 mg/L (emissions 
calculated on fuel consumed).

• At the Tuscarora Mountain Tunnel, HD emissions were 
about 4 times higher than LD emissions when 
calculated on distance traveled (26.1 mg/km vs 
6.4 mg/km, respectively).

• Formaldehyde was the most abundant aldehyde. The 
three most abundant carbonyls (formaldehyde, 
acetaldehyde, and acetone) accounted for 63.0% 
(Caldecott, LD), 76.5% (Tuscarora, LD), and 50.5% 
(Tuscarora, HD) of total carbonyl emissions.

• A comparison of samplers containing silica gel and C18 
cartridges showed good agreement for most carbonyls, 
including formaldehyde and acetaldehyde, but 
concentrations of acetone and 2-butanone were lower 
when measured with C18 cartridges than when 
measured with silica gel cartridges.

a From the Grosjean Investigators’ Report.
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outliers from this relatively small dataset, in some cases
resulting in exclusion of up to 40% of the observations.
The effects on the outcome of removing outliers are
unclear because some outliers may have been valid obser-
vations of high emitting vehicles and some may have been
distorted values. To address how the assumptions and data
handling may have affected calculated emission factors,
future efforts should address these uncertainties by
entering ranges of values and assessing the impact on
emission factors. This information would strengthen con-
fidence in the results by providing a range of emission fac-
tors  ra ther than a  s ingle number  wi th  unknown
uncertainty.

Results from the detailed comparison of the two sam-
pling methods, silica gel samplers versus C18 cartridge
samplers (described in Appendix A of the Investigators’
Report) will be useful for future carbonyl sampling efforts.
The correlation between samplers was generally high with
a few exceptions (most notably, acetone). As a conse-
quence, caution is needed when evaluating ambient mea-
surements for acetone that may have been performed with
different samplers in varying locations. 

GENERAL DISCUSSION OF TUNNEL STUDY 
DESIGN 

Gertler and colleagues discussed the benefits and disad-
vantages of on-road versus dynamometer testing of mobile-
source emissions. These considerations apply to both
studies described in this report. Gertler and colleagues
consider the positive features of on-road sampling in
highway tunnels to be: 

(1) emission factors are measured under natural condi-
tions, 

(2) emission factors are averaged over many vehicles, 

(3) physical and chemical characteristics are determined
under ambient conditions, 

(4) the ambient dilution of the exhaust aerosol represents
the mixture inhaled by humans, and 

(5) the emissions from mixed vehicle fleets produce a re-
alistic aerosol for characterization. 

Limitations of highway measurements of emissions
include: 

(1) these studies cannot provide emission factors for indi-
vidual vehicles because the data reflect the average
value for many vehicles, 

(2) vehicles are operating in their most efficient mode (ie,
hot-stabilized due to constant-speed driving); thus, the

effects of variations in speed and acceleration are not
measured, 

(3) vehicles operating on interstate highways tend to be
newer and better-maintained than those in urban ar-
eas; therefore, they may not accurately reflect the over-
all mix of vehicles, and 

(4) the ambient temperature and humidity range (which
affects particle condensation) is limited.

Emissions from LD and HD vehicles have also been
characterized by dynamometer testing (summarized in the
Introduction to the Gertler Investigators’ Report). In con-
trast to the on-road studies, these data represent small
sample sizes and may not represent on-road emissions or
overall vehicle fleet emissions accurately (Gertler and
Pierson 1996; Pierson et al 1996). 

The careful study design of both the Gertler and
Grosjean studies, utilizing the advantages of measuring
emissions in a highway tunnel, also had weaknesses that,
although recognized by both investigators’ teams and by
HEI at the outset of the study, need to be considered if the
findings are used for regulatory purposes. The observa-
tions were necessarily limited to vehicles engaged in long-
distance, high-speed travel; however, the steadiness of
highway driving may not reflect conditions off  the
highway. The data do not include the effects of warm-up
periods, high engine loads (such as hills), or low speeds.
The vehicles in this study may underrepresent older, dam-
aged, or otherwise suboptimal vehicles. Thus, they may
not reflect the mix of vehicle types on urban streets whose
emissions contribute substantially to urban air pollution
and exposures. The short time span of the studies did not
allow for consideration of weather-related effects. 

Gertler and colleagues calculated the emission factors for
several pollutants as a function of the concentrations mea-
sured at the tunnel inlet and outlet, the volumetric airflow
in the tunnel, and the number of vehicles traversing the
tunnel. Particles and gaseous emissions that may deposit on
tunnel surfaces pose a potential problem because they
would decrease the calculated emission factors. Gertler and
colleagues specified that the average residence time of air in
the tunnel was approximately five minutes and the average
residence time of emissions was one-half of that. Although
the short residence time of emissions would tend to mini-
mize surface losses, they concede that this mechanism may
lead to a small but unknown degree of uncertainty in their
reported emission factors. Another potential concern is that
resuspension of LD-derived particles by HD vehicles, and
vice versa, might impact comparisons of different fleets in
the tunnel at different times. Gertler and colleagues do not
consider resuspension of particles a serious problem



90

Commentary

because surface deposition, as mentioned above, was
thought to be minimal and the tunnel was cleaned routinely.

As in the Gertler study, Grosjean provides the formulas for
the emission factor calculations for each tunnel. The for-
mulas include information on the model and year of each
vehicle, the number of LD and HD vehicles, vehicle speed,
and environmental factors such as temperature and
humidity. Some of the assumptions may have influenced the
outcome. For instance, the exact location of the samplers at
the tunnel entrance was assumed to represent measurements
of tunnel air only (at the tunnel exit) or ambient air only (at
the tunnel entrance). However, the actual entrance and exit
sampling locations may have underestimated or overesti-
mated vehicle contribution to the measured carbonyls,
potentially having a substantial impact on emission factors. 

As pointed out by Grosjean, using average vehicle speed
and an estimate for fuel composition may also have
affected the reported emission factors. The investigators
observed that vehicle speed was higher at the tunnel exit
than at the entrance, indicating steady acceleration
throughout both tunnels. Average vehicle speed in the
emission factor calculation does not account for this accel-
eration. How this acceleration and variations in vehicle
speed in the tunnel may have affected carbonyl emissions
remains undetermined. In addition, emission levels may
be higher when cars are in cold-start mode or congested
traffic. Assumptions regarding fuel composition, which
were based on reformulated gasoline specifications, may
also have affected the reported emission factors. In partic-
ular, using oxygenates as fuel additives has been shown to
increase aldehyde emissions such as formaldehyde
(Auto/Oil Air Quality Improvement Research Program
1997). More detailed information on the actual fuel com-
position, specifically on the use of oxygenated fuels,
would provide more insight into the reported carbonyl
levels of specific geographic regions (eg, differentiating
between areas with and areas without oxygenate use or
between summer and winter emission factors). 

CONCLUSIONS

The study by Gertler and colleagues adds substantially to
our knowledge of the emission factors, particle size distri-
bution, and chemical composition of diesel PM and the
levels of gaseous emissions produced under a select set of
on-road driving conditions. Comparing their results with

those of earlier tunnel studies indicates that many compo-
nents of diesel engine emissions have declined dramati-
cally. For comparison, the investigators also reported data
for gasoline-engine emissions and compared both with ear-
lier studies of HD and LD emissions. The researchers used
state-of-the-art instrumentation and minimized extraneous
influences on emissions by performing the study in a
highway tunnel. The authors recognize that their conclu-
sion that LD vehicles may contribute more PM2.5 to ambient
air than HD vehicles could be affected by the uncertainties
associated with estimating LD PM2.5 emission factors. They
recommend additional tunnel measurements designed to
evaluate emissions from the LD fleet, receptor modeling
capable of separating the PM contributions from LD and HD
vehicles, and on-road measurements of individual vehicles
using PM remote sensing instrumentation. 

The Grosjean study provides important carbonyl emis-
sion factors for LD and HD vehicles and provides important
methodological insight by a thorough comparison of two
sampling methods. Future studies should compare the car-
bonyl levels reported here with ambient measurements in
several locations throughout the US, as the investigators
originally intended. Also, more information on the effect of
fuel composition on carbonyl emissions and other uncer-
tainties in the calculation of emission factors is needed. 
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